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ABSTRACT 
 
Characterization of Fatigue Cracking and Healing of Asphalt Mixtures. (May 2012) 
Xue Luo, B.E., Zhejiang University; M.E., Texas A&M University 
Chair of Advisory Committee: Dr. Robert Lytton 
 
Fatigue cracking is one of the most common distresses of asphalt pavements, 
whereas healing is a counter process to cracking which alleviates cracking damage and 
extends fatigue life of asphalt pavements. Most of existing methods to characterize 
fatigue cracking and healing are generally empirical or phenomenological in nature, 
which does not satisfy the need to develop mechanistic-based pavement design methods. 
The objective of this study is to characterize fatigue cracking and healing of asphalt 
mixtures using an energy-based mechanistic approach.  
A controlled-strain repeated direct tension (RDT) test is selected to generate both 
fatigue cracking and permanent deformation in an asphalt mixture specimen. Fatigue 
cracking is separated from permanent deformation from a mechanical viewpoint. The 
development of fatigue cracking is described by the evolution of the damage density and 
the increase of the average crack size with the increase of loading cycles.  
A creep and step-loading recovery (CSR) test is designed to measure the internal 
stress in the recovery phase of an asphalt mixture specimen. The internal stress and the 
strain measured in the recovery phase are used to conduct the mechanistic analysis of 
iv 
 
recovery and healing of the asphalt mixture specimen. Then healing is described using 
the decrease of the damage density and average crack size with time.  
Different types of asphalt mixtures produce distinctly different fatigue cracking 
and healing characteristics. The effect of mixture composition, temperature, and aging 
are evaluated using the approach above. The entire series of tests for fatigue, permanent 
deformation and healing can be completed in one day, with the healing part requiring 
only a matter of minutes. The methods proposed in this study characterize fatigue 
cracking and healing of asphalt mixtures using its essential cause and effect relationship. 
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1. INTRODUCTION 
 
1.1  Background of Fatigue Cracking and Healing  
 Fatigue cracking is one of the most common distresses in asphalt pavements. The 
asphalt layer of the pavement does not crack immediately after the pavement is opened 
to traffic, but after many load applications, cracks start to appear. As the loading 
application continues, the cracks develop and connect to form series of interconnected 
pieces, which is usually called “alligator cracking” that resembles the back of an 
alligator. In more serious cases, the alligator cracking will further deteriorate to potholes, 
allowing considerable moisture infiltration into the pavement and significantly reducing 
the strength and durability of the pavement. To avoid such serious problems, fatigue 
cracking must be reduced and controlled in asphalt pavements. As a result, asphalt 
mixtures should be designed with resistance to fatigue cracking. This leads to the need 
for characterization of fatigue cracking of asphalt mixtures, which includes both 
laboratory testing and modeling.  
 Healing is a counter process to cracking which can alleviate cracking damage. In 
asphalt pavements, healing of asphalt mixtures accompanies all kinds of cracking 
processes, such as fatigue cracking under repeated loading or creep crack growth under 
conditions of extensive creep deformation. It has been proven that healing of asphalt 
mixtures is a substantially important issue in the field of asphalt pavements, and its  
significance has been demonstrated in both the laboratory and field. Little et al. (2001)  
____________ 
This dissertation follows the style of Journal of Transportation in Civil Engineering. 
2 
 
used the flexural bending beam test to show that a rest period of 24 hours during which 
healing occurred can increase the fatigue life of a certain type of asphalt mixture by 
more than 100%. Maillard et al. (2004) measured healing by transmitting ultrasonic 
waves through an asphalt film after applying a cyclic tensile load. The result clearly 
suggested considerable healing occurred after each loading cycle in the asphalt film. 
Based on the data from four thick pavements, Nishizawa et al. (1997) concluded that at 
low loading levels minor fatigue cracks can heal completely. Williams et al. (2001) 
reported the most convincing field data regarding healing based on observations of four 
pavement sections. The result revealed that a greater amount of healing occurred in the 
pavement that had more fatigue damage. Since healing is found to be so significant in 
evaluating the performance of asphalt pavements, it is highly desired to quantify its 
effect and to incorporate its contribution into pavement design. 
 
1.2  Problems in Characterization of Fatigue Cracking and Healing 
 In a visco-elasto-plastic material like an asphalt mixture, fatigue cracking is 
accompanied by a large amount of plastic deformation in localized regions around 
cracks or resulting from yielding of the bulk material. Accumulation of plastic strain in 
the asphalt mixture with the increase of loading cycles produces permanent deformation 
during the fatigue process. Fatigue cracking and permanent deformation always coexist 
with each other. However, current characterization methods only measure and model one 
aspect while ignoring the other one. 
Common fatigue tests include the repeated flexural bending test (ASTM 2010),  
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indirect tension test (Roque et al. 1997; Kim et al. 2002) and uniaxial cyclic test (Si et al.  
2002; Walubita 2006). These tests are usually conducted at room temperature in 
accordance with the understanding that fatigue cracking is predominant at moderate 
temperatures. Separate laboratory tests have also been developed to measure permanent 
deformation of asphalt mixtures, such as the creep test and repeated loading test in a 
temperature range from 40 to 70°C (Sousa et al. 1994) since yielding of the asphalt 
mixture and plastic deformation become vital at elevated temperatures. These laboratory 
tests are intended to separate fatigue cracking from permanent deformation by changing 
the testing temperature. However, the fact is that fatigue cracking and permanent 
deformation occur simultaneously as two indispensable components of damage in the 
fatigue process, and the development of one aspect affects the development of the other 
one. Elber (1971) used experiments and analytical techniques to prove that the existence 
of permanent deformation can lead to a considerable reduction of allowable load cycles 
to fatigue cracking failure. Consequently, it is better to treat the development of fatigue 
cracking and permanent deformation as one damaging process rather than treat them 
separately as two damaging processes using two tests.  
 Models for fatigue cracking used in asphalt pavement engineering generally can 
be divided into four categories: 1) the strain approach (Monismith et al. 1971; The 
Asphalt Institute 1981; Tayebali 1994); 2) the dissipated energy approach (Van Dijk et 
al. 1975; Tayebali et al. 1992; Ghuzlan and Carpenter 2000); 3) the fracture mechanics 
approach; and 4) the continuum damage mechanics approach. In the strain approach, the 
fatigue resistance is expressed as the number of load applications to failure, which is 
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related to the tensile strain by a regression function from the test data. In the dissipated 
energy approach, similarly, the fatigue resistance is represented by a regression function 
between the dissipated energy and the number of load applications to failure. There is a 
common feature for the first and second categories of models: the test data is analyzed 
using a statistical regression method so the regression coefficients depend on the 
experimental conditions, the materials used, and the geometry of the specimen, etc. This 
means that a different set of regression coefficients are required if any of these 
parameters changes. The empirical nature of this statistical analysis method and the 
resulting models limits their applications since it is not prudent to describe such 
phenomena outside the range of the original test data. In addition, these models are more 
dependent on experience rather than specifying the cause and effect of a particular 
phenomenon. In contrast, the mechanics-based approach and models do not have such 
problems. The need to develop mechanics-based pavement design and its benefits are 
now recognized by more and more people (NCHRP 1-37A, 2002). From this 
perspective, the third and fourth category, the fracture mechanics approach and 
continuum damage mechanics approach seem very attractive to model the fatigue 
cracking of asphalt mixtures.  
 Many approaches have been developed to quantify the effect of healing in a  
damaged asphalt mixture. Si et al. (2002) conducted cyclic load tests and added a series 
of rest periods to study the effect of healing. A healing index is defined as follows: 
after before
before
HI=  

  
      (1.1) 
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where HI  is the healing index; before  is the pseudo stiffness before a rest period; and 
after  is the pseudo stiffness after a rest period. Pseudo stiffness is the slope of the linear 
regression of the hysteresis loop of stress versus pseudo strain. It decreases with the 
accumulation of fatigue damage as the loading cycle increases, and increases in the rest 
period due to healing of the asphalt mixture. The extent of recovery of the pseudo 
stiffness in the rest period thus represents the effect of healing. Kim et al. (2003) 
investigated the effect of healing of fine asphalt mixtures (fine aggregate and asphalt 
binder) by applying two minute rest periods ten times in a cyclic loading test. Healing 
was measured by the recovery of dynamic modulus in the rest period. Carpenter and 
Shen (2006) described the effect of healing from the change of the fatigue resistance of 
an asphalt mixture. A constant rest period was inserted between every two adjacent 
loading cycles of a cyclic loading test to measure healing. They found a plateau region in 
the plot of the ratio of dissipated energy change versus the number of loading cycles, and 
defined the magnitude of the ratio of dissipated energy change in this region as the 
plateau value. The fatigue resistance of the asphalt mixture is quantified by the plateau 
value, and the change of the plateau value after the rest period represented the effect of 
healing. Kim and Roque (2006) conducted resilient modulus tests with a series of rest 
periods and used the recovered dissipated creep strain energy per unit time to quantify 
healing. The commonality of all these methods is that healing is quantified by its effect 
on some index, such as modulus or strain energy. This is a phenomenological method 
that relates empirical observations of a phenomenon (change of the index) to another 
phenomenon (healing). It is not based on the actual cause that drives the process of  
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healing, and it does not reflect the actual effect of healing in the material.  
  
1.3  Research Objectives 
The goal of this research is to address the shortcomings described previously 
pertaining to testing and modeling in the characterization of fatigue cracking and healing 
of asphalt mixtures. The research will focus on achieving the following objectives: 
 Choose a test method suitable for characterizing fatigue cracking in an asphalt 
mixture with the presence of permanent deformation;  
 Develop a pure mechanistic approach to separate fatigue cracking from 
permanent deformation using one asphalt mixture specimen and model the 
evolution of fatigue cracking; 
 Develop a test method that can facilitate mechanistic analysis of healing; and 
 Develop a pure mechanistic approach to model the healing process and to 
determine the healing rate. 
 
1.4  Dissertation Outline 
 This dissertation is organized as follows: 
 Section 2 first identifies the problems in determination of material properties and 
strain energy under tensile loading for asphalt mixtures. Based on these problems, an 
appropriate testing method is proposed to characterize the tensile properties and fatigue 
damage in asphalt mixtures. In addition, an analysis method is developed to obtain 
complete material properties and accurate amounts of dissipation and storage of energy  
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of this test method as the foundation of damage characterization. 
 The testing method introduced in Section 2 is used to characterize fatigue 
cracking in asphalt mixtures, which always develops simultaneously with permanent 
deformation in an asphalt mixture under destructive loading. As a result, Section 3 
develops an energy-based mechanistic approach to separate fatigue cracking from 
permanent deformation in terms of energy consumption. 
 After separating fatigue cracking from permanent deformation, Section 4 focuses 
on modeling fatigue crack growth in asphalt mixtures based on the energy-based 
mechanistic approach. The fatigue crack growth is characterized by its true driven force, 
and described by its direct effect: increase of the damage density in an asphalt mixture.  
 Sections 2 to 4 study the fatigue cracking in an asphalt mixture, its counter 
process, healing, is studied in Sections 5 and 6. Firstly, an innovative test is designed in 
Section 5 in order to measure the internal stress during the recovery phase of an asphalt 
mixture. Then the measured internal stress is used with the energy-based mechanistic 
approach in Section 6 to model the healing process by its direct effect: decrease of the 
damage density in the asphalt mixture.   
   In Section 7, the energy-based mechanistic approach developed in Sections 2 to 
6 to characterize fatigue cracking and healing is applied to different types of asphalt 
mixtures to examine the effect of asphalt binder, air void content, temperature, and aging.
 Section 8 summarizes the main findings of this work and the contributions of the 
developed testing and analysis methods. It also mentions a number of directions in 
which these methods could be further extended.     
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2. CHARACTERIZATION OF ASPHALT MIXTURES USING CONTROLLED-
STRAIN REPEATED DIRECT TENSION TEST 
 
2.1  Problems in Determination of Material Properties and Strain Energy under 
Tensile Loading  
 A controlled-strain repeated direct tension (RDT) test is a useful testing method 
in the material characterization of asphalt mixtures. The RDT test has been used 
primarily to evaluate tensile properties of asphalt mixtures and to assess the development 
of fatigue cracking in asphalt mixtures under repeated loading (Bolzan and Huber 1993). 
In a visco-elasto-plastic material like an asphalt mixture, fatigue cracking is 
accompanied by a large amount of plastic deformation in localized regions during the 
fatigue process. In order to simulate the presence of this significant localized plastic 
deformation, the RDT test is conducted not in the controlled-stress mode but in the 
controlled-strain mode, which is believed to better characterize the fatigue behavior 
(Stephens et al. 2001). In the controlled-strain RDT test, the strain is controlled in a 
standard haversine shape which has only the tensile portion. In order to impose the 
haversine shape on the strain, the stress curve always consists of a tensile portion and a 
compressive portion within each loading cycle. This phenomenon is described as process 
of residual compression stress building up due to the viscoelastic behavior of asphalt 
mixtures (Jacobs 1995). Three aspects of the controlled-strain RDT test are investigated 
in this study including: 1) the characteristics of the material responses, 2) the material 
properties obtained from the test, and 3) the storage and dissipation of energy in the test.  
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Since the asphalt mixture is a viscoelastic material in its undamaged state, its 
strain response in the nondestructive controlled-strain RDT test lags behind the stress, 
and the lag time is described using the phase angle  . The modulus of the asphalt 
mixture is expressed in a complex form given as follows because of its viscoelastic 
nature (Findley et al. 1989): 
*E E iE            (2.1) 
where *E  is complex modulus; E  is the storage modulus; and E  is the loss modulus. 
The magnitude of the complex modulus *E  is defined as the dynamic modulus in the 
ASTM standard and is calculated as the ratio of 0  to 0  (ASTM 2003): 
 
0
022*

 EEE        (2.2) 
where 0  is the stress amplitude and 0 is the strain amplitude. The phase angle   is 
calculated based on E  and E : 
 
E
E

tan          (2.3)  
Since the stress curve in a loading cycle of the controlled-strain RDT test consists 
of a tensile portion and a compressive portion, the dynamic modulus in the tensile stress 
portion may be different from that in the compressive stress portion. Khanal and 
Mamlouk (1995) reported that the dynamic modulus calculated from the tensile stress 
portion was different from that obtained from the compressive stress portion of the same 
loading cycle when applying a sinusoidal wave on an asphalt mixture. It has also been 
reported that the tension-induced damage has a significantly different nature from the 
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compression-induced damage in asphaltic materials (Erkens et al. 2003). Therefore, the 
modulus in the tensile stress portion should be differentiated from that in the 
compressive stress portion in the controlled-strain RDT test. Addressing the variation of 
the modulus of the asphalt mixture in different stress states leads to a more rational and 
realistic prediction of the fatigue and rutting lives of an asphalt pavement.  
In addition to the moduli of the asphalt mixture in different stress states, the test 
data of the controlled-strain RDT test can also be used to investigate the storage and 
dissipation of energy in the asphalt mixture. The dissipated energy is defined as the 
dissipated strain energy (DSE), and the stored energy which can be recovered after 
removing the load is defined as the recoverable strain energy (RSE). The ratio of the 
DSE to the RSE indicates the damping ability of a viscoelastic material (Findley et al. 
1989; Lakes 1999). The DSE and RSE can also be used to characterize the damage 
developed in asphalt mixtures. For example, the rate of change of the DSE was used to 
show the development of the fatigue damage (Ghuzlan and Carpenter 2006).  
A prevalent method to determine the DSE and RSE in a loading cycle is to 
conduct the integration over every quarter of the period T  of a loading cycle based on 
the basic equation that calculates the amount of the strain energy density (energy per unit 
volume) W  in a loading period  1 2,t t : 
    2
1
t
t
d t
W t dt
dt
                      (2.4)     
In a RDT test with a sinusoidal stress, the stress function is  0 sin t    and the  
strain function is  0 sin t     ; then W  in the first quarter of the first loading cycle  
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with 1 0t   and  2 2t    is calculated using Equation 2.5 (Lakes 1999): 
       2 2 0 00 0
0 0 0 0
sin cos
sin cos
4 2
d t
W t dt t t dt
dt
         
     
    
 
 
           (2.5)   
where   is the loading frequency in rad/sec and equals 2 /T ; and t  is the loading time. 
In Equation 2.5, the term 0 0
sin
4
    is part of the DSE and it appears in the results of 
the integration over the next three quarters of the period T , while the term 0 0
cos
2
   is 
part of the RSE and it appears in the integration result of the next quarter but with the 
opposite sign. Specifically, in the second quarter, W  is calculated using Equation 2.6: 
    0 0 0 02 sin cos4 2
d t
W t dt
dt
 
 
                         (2.6)   
The third quarter’s W  is the same as that of the first quarter, and the fourth quarter’s W  
is the same as that of the second quarter. This traditional method considers that the RSE 
stored in the material in the first quarter is fully recovered in the second quarter and that 
the RSE stored in the third quarter is fully recovered in the fourth quarter. As a result, all 
RSE is recovered at the end of the cycle and the net RSE is zero. The total DSE is the 
sum of the DSE of every quarter of a loading cycle, which equals 0 0 sin    
( 0 0
sin4
4
   ). This calculation of the total DSE using the traditional method is based 
on the assumption of no difference in material properties between the tensile stress 
portion and the compressive stress portion. This assumption may introduce non-
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negligible errors in predicting the fatigue damage of asphalt mixtures. In addition, the 
RSE term 0 0
cos
2
   is calculated mathematically without investigating the actual 
amount of energy recovered after unloading.  
In order to address the material property variation in the controlled-strain RDT 
test and precisely determine the DSE and RSE in a loading cycle, this study investigates 
the material properties of an asphalt mixture specimen in the tensile stress portion and 
the compressive stress portion separately. The sign convention in this study is that 
tensile stresses and strains are considered positive and compressive stresses and strains 
are negative. The energy for heat generation is neglected in this study based on what is 
reported in the literature that the energy dissipated to generate heat in a fatigue test of 
asphalt mixtures is not significant (Kim et al. 2001).  
 
2.2  Configurations and Procedure of Controlled-Strain RDT Test  
The asphalt mixtures used are laboratory mixed and laboratory compacted using 
an unmodified asphalt binder and a common Texas limestone with a Type C dense 
aggregate gradation specified by the Texas Department of Transportation (TxDOT) 
(TxDOT 2004). The unmodified asphalt binder is labeled AAD in the Strategic Highway 
Research Program Materials Reference Library (Jones 1993). The limestone is shipped 
from a quarry in San Marcos, Texas. The optimum asphalt binder content is determined 
as 4.5% by weight of the mixture according to the TxDOT Tex-204-F test procedure 
(TxDOT 2005). The Superpave gyratory compactor is used to compact the asphalt 
mixture into cylindrical specimens 152 mm in diameter and 178 mm in height. In order 
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to obtain an approximately uniform air void distribution, the specimens produced by the 
Superpave gyratory compactor are cored and cut to 102 mm in diameter by 102 mm in 
height. The total air void content of the 102 mm by 102 mm specimens is controlled at 
3.5 ± 0.5%.  
 The controlled-strain RDT test is conducted on the 102 mm by 102 mm 
specimens using the Material Test System (MTS) at a temperature of 20°C. Each test 
specimen is glued to a pair of end-caps and then set up in the environmental chamber of 
the MTS, as shown in Figure 2.1. Three axial linear variable differential transformers 
(LVDTs) and a bracelet LVDT are mounted on the middle part of the test specimen. The 
three axial LVDTs are placed at 120° apart from each other around the specimen surface 
to capture the axial deformation of the specimen. The bracelet LVDT is used to measure  
the radial deformation of the specimen.  
 
Figure 2.1 Configuration of Controlled-Strain RDT Test 
14 
 
Two consecutive controlled-strain RDT tests are performed on the same asphalt 
mixture specimen, including: 1) nondestructive RDT test with 200 cycles of load 
repetitions in which the maximum axial strain is approximately 40 με; and 2) destructive 
RDT test with 1,000 cycles of load repetitions in which the maximum axial strain is 
approximately 200 με. Two replicate specimens are tested following this same sequence. 
The loading frequency is 1 Hz in both the nondestructive and the destructive tests. The 
nondestructive RDT test is performed to obtain the properties of the undamaged 
specimen, which is the reference state from which the damage that is introduced into the 
asphalt mixture could be quantified. The reason for using the maximum strain level of 40 
με in the nondestructive RDT test is that, in this small-strain condition, the asphalt 
mixture specimen exhibits linear viscoelastic properties and its deformation will fully 
recover after unloading (Carpenter et al. 2003; Gibson et al. 2003). After the 
nondestructive test is finished, the test specimen rests 10 min to recover its deformation 
before the destructive test starts. The destructive test uses a maximum axial strain of 200 
με that is proven to be significant enough to introduce considerable damage to the 
asphalt mixture specimen.  
In both nondestructive and destructive RDT tests, the axial strain is programmed 
to have a haversine shape, and it is found that the axial strain lags behind the axial stress 
because of the viscoelastic nature of the undamaged specimen. In order to control the 
axial strain in such a haversine profile, the applied axial stress has to consist of two 
parts, a tensile portion and a compressive portion, in a single loading cycle. Since the 
strain lags behind the stress, the strain is still positive at the point when the stress 
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changes from positive to zero. In order to make the strain zero, the stress must become 
negative. While the stress is negative, the specimen is still in tension because the strain is 
positive. This situation with a positive strain and a negative stress in the RDT tests is 
defined as “quasi-compression”, and the corresponding material properties are defined 
with a prefix “quasi-” when the stress is compressive. Figure 2.2 shows the measured 
axial stress and axial strain curves in the destructive RDT test. As presented in Figure 
2.2, a single loading cycle with a period of T  from Point O  to Point O  consists of two 
loading periods: tT  and cT , where tT  refers to the period from Point O  to Point N  when 
the stress is tensile, and cT  refers to the period from Point N  to Point O  when the 
stress is compressive. The time lag between the stress peak (Point L ) and the strain peak 
(Point M  ) is the tensile phase angle t ; the time lag between the compressive stress 
peak (Point P ) and the strain valley (Point Q ) is the quasi-compressive phase angle 
qc . Section 2.3 details the data filtering of the stress and strain signals, and the 
simulation of the filtered stress and strain curves. 
 
2.3  Simulation of Stress Curve and Strain Curve  
The accuracy of the magnitude and phase angle of the complex modulus depends 
on the accurate determination of the peak/valley of the stress and strain signals. The raw 
stress and strain signals provided by the MTS consist of a series of data points, from 
which the peak/valley are selected as the maximum/minimum value. Two factors 
influence the accuracy of the peak/valley from this selection. The first one is the time  
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Figure 2.2 Measured Stress and Strain Data in a Destructive Controlled-Strain  
RDT Test 
interval between two adjacent data points. If the time interval is too large, the 
maximum/minimum value determined from these data points are very likely not to be 
the true peak/valley values. It is desired to have a relatively small time interval in order 
to obtain more precise peak/valley values. However, a very small time interval makes 
the data processing time-consuming since a large amount of data points are acquired. In 
addition, even though the time interval can be set to be very small, it still cannot assure 
the accuracy because it is practically impossible to obtain a perfect haversine strain 
curve or a perfect shifted haversine stress curve due to the operational limitation of the 
MTS. The stress and strain curves are usually skewed and noisy to some extent. This 
operational limitation or precision of the MTS is the second factor that influences the 
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accuracy of data analysis. It is observed from the data analysis that the variation of the 
phase angle of the complex modulus among ten consecutive loading cycles can be as 
high as 10°. However, the actual increase of the phase angle of the complex modulus 
ranges from 5 to 10° due to 1,000 cycles of destructive loading. Therefore, the raw stress 
and strain signals from the MTS must be processed using a data filtering method.  
Among the signal filtering methods that have been developed and documented in 
the literature, the Fourier Transform (FT) is found to successfully filter the stress and 
strain signals (Pellinen 2009). Consequently, the measured stress and strain signals are 
processed using the FT in the Matlab software. The transform of a single loading cycle is 
conducted on the tensile stress and compressive stress separately for the stress signal, 
and is also performed on the strain corresponding to the tensile stress and the strain 
corresponding to the compressive stress separately for the strain signal. The transformed 
data of the stress/strain in the tensile stress portion and the stress/strain in the 
compressive stress portion of a loading cycle are then composed to construct a new 
stress/strain curve for the entire loading cycle. The measured stress/strain signals and the 
stress/strain curves after the FT are presented in Figure 2.3, which demonstrates that the 
transformed stress/strain curves are significantly closer to perfect shifted-
haversine/haversine curves. Since the skew and noise of the data are eliminated, the 
variation of the phase angle of the complex modulus among ten consecutive loading 
cycles is now within 2°. Using the FT to filter the stress/strain signals proves to 
successfully correct the operational errors attributed to the MTS apparatus, and 
significantly enhances the accuracy in determination of the magnitude and phase angle  
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of the complex modulus of asphalt mixtures.  
 
(a) Stress Curves 
 
(b) Strain Curves 
Figure 2.3 Stress and Strain Curves of the 1st Cycle in Destructive RDT Test 
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After filtering the stress/strain signals using the FT, the filtered stress and strain 
curves are simulated using mathematical models in order to determine the magnitude 
and phase angle of the complex modulus of the asphalt mixture specimen. During the 
simulation of the stress curve, the tensile stress and the compressive stress in a single 
loading cycle are simulated separately using the same functional form but with different 
parameters. Then the tensile stress curve and the compressive stress curve are 
superimposed to construct a smooth stress curve in the entire loading cycle, which 
simulates the filtered stress curve. Figure 2.4 illustrates how the tensile stress curve and 
compressive stress curve are simulated. The tensile stress curve is the solid curve from 
Point O  to Point N  in Figure 2.4(a); the time duration between the two points is tT . 
The compressive stress curve is the solid curve from Point N  to Point 'O  in Figure 
2.4(b), and the time duration between the two points is cT . The period of one complete 
loading cycle T  is the sum of tT  and cT . The tensile stress curve shown in Figure 2.4(a) 
is modeled by Equation 2.7: 
  0 1 cost t stt               (2.7) 
in which 0t  is the tensile stress amplitude; and st  is the absolute value of the 
downward shift of a standard haversine wave as shown in Figure 2.4(a). If using tm  to 
denote the maximum tensile stress, the following relationship exists: 
 02tm st t                (2.8) 
The difference between tm  and 0t  is calculated as in Equation 2.9: 
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 0 0
2sin
2 4
t
tm t t
T T
T
                   (2.9) 
Solving Equation 2.9 for 0t  gives: 
 0 11 sin
2
tm
t
tT
T


        
        (2.10) 
Substituting Equation 2.8 into Equation 2.10 gives: 
 
11 sin
2
11 sin
2
t
st tm
t
T
T
T
T

 

                
       (2.11) 
Similarly, the compressive stress curve is modeled by Equation 2.12: 
  0 1 cosc c cmt                (2.12) 
and the compressive stress amplitude c0  is calculated as in Equation 2.13: 


 

 
24
2sin00
c
ccmc
TT
T
       (2.13) 
where cm  is the magnitude of the minimum stress as shown in Figure 2.4(b). Solving 
Equation 2.13 for c0  gives: 


 

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
T
Tc
cm
c
2
1sin1
0


 
       (2.14) 
Based on the calculated tensile stress amplitude and compressive stress amplitude, the 
filtered stress and strain curves are simulated using the following equations: 
1. When the stress is tensile:   
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   sttt t   cos10         (2.15)                   
  tt   cos10            (2.16)                 
2. When the stress is compressive:  
   cmcc t   cos10          (2.17)                             
 0 1 cos qct                    (2.18)                             
where 0  is the amplitude of the filtered strain curve. Accordingly, the magnitude of the 
tensile complex modulus *tE , and the magnitude of the quasi-compressive complex 
modulus *qcE , are defined by Equations 2.19 and 2.20, respectively: 
 0
0
t
tE


           (2.19) 
0
0*

 c
qcE           (2.20) 
where *tE  is the tensile complex modulus; and 
*
qcE  is the quasi-compressive complex 
modulus.  
The simulation and calculation process detailed above is applied to every loading 
cycle of the 200 nondestructive loading cycles and the 1,000 destructive loading cycles. 
As a result, every loading cycle has a tensile phase angle t , a quasi-compressive phase 
angle q c , and a set of parameters of the stress and strain models, 0t , st , 0c , cm , 
and 0 . These parameters are used to construct a fitting stress curve and a fitting strain 
curve in the corresponding loading cycle. The fitting stress curve of every loading cycle 
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is superimposed on the fitting stress curves of other loading cycles to construct a smooth 
fitting stress curve for all loading cycles in the nondestructive and destructive RDT tests. 
The same superimposition is conducted on the strain curves as well. Figure 2.3 illustrates  
the goodness of the curve fitting.  
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(a) Tensile Stress Curve 
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(b) Compressive Stress Curve  
Figure 2.4 Simulation of Axial Stress Curve 
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  The model parameters in each loading cycle are used to determine the 
magnitudes of the tensile complex modulus *tE  and the quasi-compressive complex 
modulus *qcE . To further reduce the operational error, the experimental data from ten 
consecutive loading cycles are averaged and this average value is designated to be the 
first loading cycle of the ten cycles. For example, the average value of *tE  of loading 
cycle No. 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 is regarded as *tE  of loading cycle No. 1; the 
average value of t  of loading cycle No. 50, 51, 52, 53, 54, 55, 56, 57, 58, and 59  is 
assigned to loading cycle No. 50. Section 2.4 will present the statistical analysis of the 
calculated magnitudes and phase angles of the complex moduli.  
 
2.4  Statistical Analysis of Test Data  
Statistical analysis is performed on the complex moduli calculated in Section 2.3 
in order to investigate: a) whether there is a difference between the tensile complex 
modulus and the quasi-compressive modulus in every loading cycle of the 
nondestructive and destructive RDT tests; and b) whether the tensile complex modulus 
and the quasi-compressive modulus vary with the increase of the number of loading 
cycles in the nondestructive and destructive RDT tests. During the investigation, the 
magnitude and phase angle of the tensile and quasi-compressive complex moduli are 
firstly plotted against the number of loading cycles as shown in Figures 2.5 to 2.8, 
respectively. Two observations are made from Figures 2.5 to 2.8: a) both magnitude and 
phase angle of the tensile complex modulus are different from those of the quasi-
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compressive complex modulus at every loading cycle of both nondestructive and 
destructive RDT tests; and b) the magnitude and phase angle of both tensile complex 
modulus and quasi-compressive complex modulus remain approximately constant with 
the increase of the number of loading cycles in the nondestructive RDT test, but they 
vary with the increase of the number of loading cycles in the destructive RDT test. These 
two observations are verified using the statistical hypothesis tests.  
The first step of conducting a statistical hypothesis test is to state the null and 
alternative hypotheses for the population of interest. There are eight populations from 
the combination of four types of material properties and two types of controlled-strain 
RDT test: 1) *tE  in the nondestructive RDT test, denoted *t NE ; 2) t  in the 
nondestructive RDT test, denoted tN ; 3) *qcE  in the nondestructive RDT test, denoted 
*
qc N
E ; 4) qc  in the nondestructive RDT test, denoted qcN ; 5) *tE  in the destructive 
RDT test, denoted *t DE ; 6) t  in the destructive RDT test, denoted tD ; 7) *qcE  in the 
destructive RDT test, denoted *qc DE ; 8) qc  in the destructive RDT test, denoted qcD . 
In order verify the two observations made from Figures 2.5 to 2.8, the null hypothesis 
0H  and the alternative hypothesis aH  are constructed and presented in Table 2.1. Note 
the difference between the nondestructive and destructive RDT tests in the statement for 
0H  and aH . This is because Figures 2.5 to 2.8 seem to suggest that the material 
property in the nondestructive test has one value, but the material property in the 
destructive test has different values at different loading cycles.   
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Figure 2.5 Magnitude of Complex Modulus at Various Numbers of Loading Cycles  
in Nondestructive RDT Test 
 
Figure 2.6 Phase Angle of Complex Modulus at Various Numbers of Loading 
Cycles in Nondestructive RDT Test 
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Figure 2.7 Magnitude of Complex Modulus at Various Numbers of Loading Cycles  
in Destructive RDT Test 
 
Figure 2.8 Phase Angle of Complex Modulus at Various Numbers of Loading 
Cycles in Destructive RDT Test 
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The second step is to select a subset representative of a population that is 
measured, i.e. sampling. The population size of 1), 2), 3) and 4) is 200, and the 
population size of 5), 6), 7), and 8) is 1,000. According to Bartlett et al. (2001), the 
minimum sample size for a population size of 200 at 95% confidence level is 75, and 
that for a population size of 1,000 at the same confidence level is 106. As a result, the 
sample size for 1) to 4) is selected as 80, which means that 80 loading cycles should be 
selected from the 200-cycles nondestructive RDT test. Specifically, 80 loading cycles 
are selected as 1st - 10th, 50th - 59th, 75th - 84th, 100th - 109th, 125th - 134th, 150th - 159th, 
175th - 184th, and 190th - 199th. The sample size for 5) to 8) is selected as 110, indicating 
that 110 loading cycles is selected from the 1,000-cycles destructive RDT test. 
Specifically, 110 loading cycles are 1st - 10th, 50th - 59th, 100th - 109th, 175th - 184th, 250th 
- 259th, 375th - 384th, 500th - 509th, 625th - 634th, 750th - 759th, 875th - 884th, and 990th - 
999th. Corresponding to the eight populations as described above, there are eight samples 
now, designated as S1, S2, S3, S4, S5, S6, S7, and S8, respectively.     
 After determining the sample for each population, the next step is to consider 
whether the statistical assumptions that are made about the sample are satisfied. There 
are two basic statistical assumptions: independence between variables and normality of 
data. The assumption of independence between variables is satisfied for Hypothesis I to 
XII shown in Table 2.1. This is because for each hypothesis none of the measurement of 
one variable is dependent on the measurement of others. The assumption of normality of 
data is assessed using the Q-Q plot (Ott and Longnecker 2001). The Q-Q plot for each 
sample (S1 to S8) is made using the software SPSS. The results suggest that the 
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normality condition appears to be satisfied for S1, S2, S3, and S4, but it is violated for 
S5, S6, S7, and S8. In other words, the data from S1, or S2, S3, S4, appear to have a 
normal distribution, while the data from S5, S6, S7, and S8 do not. Once the statistical 
assumptions are assessed, the statistical test that is appropriate for the hypotheses listed 
in Table 2.1 can be decided. The selected statistical tests for Hypothesis I to XII are 
presented in Table 2.2. A brief introduction about the purpose of each statistical test is 
given in Table 2.2 as well. Details of these statistical tests can be found in Ott and 
Longnecker (2001). All the statistical tests listed in Table 2.2 are conducted using SPSS  
and the results are shown in Appendix A.  
       Table 2.1 Null Hypothesis and Alternative Hypothesis for Statistical Testing 
Hypothesis Null Hypothesis ( 0H ) 
Alternative Hypothesis 
( aH ) 
I * * 0t qcN NE E   * * 0t qcN NE E   
II 0tN qcN    0tN qcN    
III *t DE  and 
*
qc D
E  are identical *t DE  is shifted above
*
qc D
E  
IV tD  and qcD  are identical tD  is shifted below qcD  
V* * * * *
1 2 3t t t tN N N Ni
E E E E       At least one 
*
t N
E  differs 
from the rest 
VI* 1 2 3t t t tN N N Ni        At least one t N  differs from the rest 
VII* * * * *
1 2 3qc qc qc qcN N N Ni
E E E E      At least one 
*
qc N
E  differs 
from the rest 
VIII* 1 2 3qc qc qc qcN N N Ni         At least one 
qc N

 differs 
from the rest 
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Table 2.1 Continued 
Hypothesis Null Hypothesis ( 0H ) 
Alternative Hypothesis 
( aH ) 
IX** 
* * * *
1 2 3
, , ,t t t tD D D DiE E E E    are 
identical 
At least one *t DE  differs 
from the rest 
X** 1 2 3, , ,tD tD tD tDi     are identical At least one tD  differs from the rest 
XI** 
* * * *
1 2 3
, , ,qc qc qc qcD D D DiE E E E    are 
identical 
At least one *qc DE  differs 
from the rest 
XII** 1 2 3, , ,qcD qcD qcD qcDi     are identical At least one qcD  differs 
from the rest 
*: *t NiE , t Ni , *qc NiE , qc Ni  are group means of a group of corresponding material 
property, and i  is the number of groups.  
**: *t DiE , tDi , *qc DiE , qcDi  are a group of corresponding material property, and i  is the  
number of groups. 
Table 2.2 Statistical Tests for Statistical Hypothesis Testing 
Hypothesis Statistical Test Purpose of Test 
I Independent t-test Compare means between S1 and S3 
II Independent t-test Compare means between S2 and S4 
III Wilcoxon Rank Sum test Compare distributions between S5 and S7 
IV Wilcoxon Rank Sum test Compare distributions between S6 and S8 
V One way ANOVA 
Determine whether there are significant 
differences between the means of 8 groups 
( 8i  ) of S1, 10 loading cycles in each group
VI One way ANOVA 
Determine whether there are significant 
differences between the means of 8 groups 
( 8i  ) of S2, 10 loading cycles in each group
VII One way ANOVA 
Determine whether there are significant 
differences between the means of 8 groups 
( 8i  ) of S3, 10 loading cycles in each group
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Table 2.2 Continued 
Hypothesis Statistical Test Purpose of Test 
VIII One way ANOVA 
Determine whether there are significant 
differences between the means of 8 groups 
( 8i  ) of S4, 10 loading cycles in each group
IX Kruskal-Wallis test 
Determine whether there are significant 
differences between the distributions of 11 
groups ( 11i  ) of S5, 10 loading cycles in 
each group 
X Kruskal-Wallis test 
Determine whether there are significant 
differences between the distributions of 11 
groups ( 11i  ) of S6, 10 loading cycles in 
each group 
XI Kruskal-Wallis test 
Determine whether there are significant 
differences between the distributions of 11 
groups ( 11i  ) of S7, 10 loading cycles in 
each group 
XII Kruskal-Wallis test 
Determine whether there are significant 
differences between the distributions of 11 
groups ( 11i  ) of S8, 10 loading cycles in 
each group 
 
For Hypotheses I, II, III, and IV, all the p-values, as circled, are almost zero. 
Since all -values 0.05p   , all the null hypotheses constructed for Hypotheses I, II, 
III, and IV shown in Table 2.1 are rejected. In other words, at the 0.05   level of 
significance, there is enough evidence to conclude that there is a difference between the 
tensile complex modulus and the quasi-compressive complex modulus. Specifically , the 
magnitude of the tensile complex modulus is larger than that of the quasi-compressive 
complex modulus and that the phase angle of the tensile complex modulus is smaller 
than that of the quasi-compressive complex modulus. 
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The difference between the tensile complex modulus and the quasi-compressive 
complex modulus can be explained by the phenomenon of crack opening and closure in 
the test specimen during a single loading cycle. Figure 2.9 shows a schematic sketch of 
the opening and closure of a crack in the specimen at different stages of a complete 
loading cycle. The initial crack is an air void. When an increasing tensile load is applied 
to the specimen (from Point O  to L  in Figure 2.9), the deformation of the specimen is 
delayed due to the viscous effect, and the deformation in the vicinity of the air void is 
also delayed. Furthermore, the stress level has to be high enough to overcome the effect 
of interfacial forces of attraction (surface energy) and to generate new surfaces. 
Consequently, the initial crack (air void) may start to propagate at Point R  as shown in 
Figure 2.9. The crack continues to grow while the strain increases to its peak value at 
Point S  and decreases to reach Point T . The crack may have its largest size at Point T  
and starts to close. The viscosity and localized plastic deformation in damaged asphalt 
mixtures drive viscous fluid-induced closure and plasticity-induced closure, respectively, 
which are two of the five mechanisms for the crack closure identified by Suresh and 
Ritchie (1984). The closure of the crack continues until Point 'R , when the deformation 
in the vicinity of the air void completely recovers. Point 'R  is also the starting point of 
cracking opening for the next loading cycle.  
When the crack is propagating, the material is losing cross-sectional area to take 
the tensile stress. Therefore, the larger the crack, the weaker the material behaves. The 
tensile properties are measured at Point S , where the crack is smaller than that at Point 
U  at which the quasi-compressive properties are measured. As a result, the material 
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behaves stronger in the tensile stress portion than in the compressive stress portion. 
Specifically, *tE  is larger than 
*
qcE , and t  is smaller than qc  in every loading cycle  
of the RDT test.  
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Figure 2.9 Schematic Plot of Crack Opening and Closure at Different Stages of a  
Complete Loading Cycle 
For Hypotheses V, VI, VII, and VIII, all the p-values, as circled, are larger than 
 (0.05) . Therefore, the results fail to reject each null hypothesis corresponding to 
Hypotheses V, VI, VII, and VIII in Table 2.1, respectively. This indicates that there is 
insufficient evidence to prove that *t NE , tN , *qc NE  and qcN  vary with the increase of 
the number of loading cycles. In other words, it is proven that both the tensile and quasi-
compressive complex moduli remain approximately the same in each loading cycle of 
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the nondestructive RDT test and that no damage is introduced to the specimen. The 
material properties obtained from the nondestructive RDT test are the properties of the 
undamaged asphalt mixture specimen and can serve as the reference state from which 
the damage grows in the destructive RDT test.  
In the destructive RDT test, the results for Hypotheses IX, X, XI, and XII suggest 
that the corresponding null hypothesis is rejected at the 0.05   level of significance, 
since the corresponding p-value is less than 0.05. This fact indicates that *t DE , tD , 
*
qc D
E  and qcD  all vary with the increase of the number of loading cycles. Specifically, 
with the increase of the number of loading cycles in the destructive RDT test, *t DE  and 
*
qc D
E  decrease, and tD  and qcD  increase. 
 
2.5  Calculation of Dissipated Strain Energy and Recoverable Strain Energy  
Based on the measurement and analysis of the tensile and quasi-compressive 
properties of undamaged and damaged asphalt mixture specimens, Section 2.5 utilizes 
these material properties to determine the DSE and RSE. Firstly, the stress-strain 
diagram in the form of a hysteresis loop is plotted in Figure 2.10 based on the stress and 
strain data shown in Figure 2.2. Both Figures 2.2 and 2.10 show a full loading cycle 
from Point O  through Points , , , ,L M N P Q  to Point 'O . These points on a full loading 
cycle in Figures 2.2 and 2.10 correspond to each other. Point O  and 'O  overlap each 
other in Figure 2.10. In the loading cycle from Point O  to 'O , the tensile stress portion  
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tT  is from Point O  through L  to N , and the compressive stress portion cT  is from Point  
N  through P  to 'O .  
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Figure 2.10. Hysteresis Loop of a Loading Cycle in Destructive RDT Test  
As shown in Figure 2.10, the material is storing energy from Point O  to L , and 
the amount of the stored energy during this period is the closed area OLV . From Point 
L  to M , the material continues storing energy with an amount of the closed area 
LMWV . From Point M  to N , the material is recovering energy, and the amount of the 
recovered energy is the area MWN . Therefore, the total amount of the stored energy in 
the period tT  is the area OLMW , and the recovered energy in tT  is the area MWN . 
Consequently, the amount of irrecoverable energy that dissipates to overcome the 
viscous resistance of the material and to develop damage is calculated by deducting the 
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recovered energy (area MWN ) from the stored energy (OLMW ) in this period. As a 
result, the total DSE in tT  is determined to be the area OLMN , and the RSE in tT  is the 
area MWN . Similar analysis is applied to the compressive stress portion cT  in Figure 
2.10. During the period cT , the stored energy is the area NPQX , and the recovered 
energy is the area 'QXO . Therefore, the DSE in the period cT  is the area 'NPQO , and 
the RSE is the area 'QXO . Table 2.4 summarizes the stored energy, recovered energy,  
total DSE and RSE in tT  and cT .  
Table 2.4 Dissipated and Recoverable Strain Energy in a Loading Cycle 
Loading Period Energy 
Stored/Recovered
Amount of 
Energy Stress State From Point To Point 
tT  
O  L Stored  Area OLV  
L  M Stored Area LMWV  
M  N  Recovered  Area MWN  
Total DSE = Area OLMN ; Total RSE = Area MWN  
cT  
N  P Stored Area NPY  
P  Q Stored Area PQXY  
Q  'O  Recovered  Area 'QXO  
Total DSE = Area 'NPQO ; Total RSE = Area 'QXO  
 
The DSE and RSE visualized in Figure 2.10 are further quantified using Equation 
2.4. For loading period tT , the stress and strain functions shown in Equations 2.15 and 
2.16, respectively, are used in the integration. For loading period cT , the stress and strain 
functions shown in Equations 2.17 and 2.18, respectively. For calculation convenience, 
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Point O  in Figures 2.2 and 2.10 is supposed to correspond to 
2
cTt  . Then Points L , M , 
N , P , Q  and 'O  correspond to 2 2 2, , , , ,
2 2
qct t cT Tt
     
            , 
respectively. Table 2.5 summarizes the lower limit and upper limit of each integration 
function to calculate the DSE or. All integrations are performed using Matlab and the 
determined DSE and RSE formulas are shown as follows:  
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Table 2.5 Integration Bands for the DSE and RSE in a Complete Loading Cycle 
Energy Stress Direction Lower Limit 1t Upper Limit 2t  
DSE 
Tensile  
2
cT  
2
tT
  
Compressive 
2
tT
  
2
2 cT
  
RSE 
Tensile 


 t  
2
tT
  
Compressive 


 qc2  
2
2 cT
  
 
The stress and strain data are then input to Equations 2.21 and 2.22 to calculate 
the DSE and RSE of every loading cycle. Figure 2.11 illustrates the calculated DSE and 
RSE of representative loading cycles of the destructive RDT test. It can be observed 
from Figure 2.11 that the DSE increases and the RSE decreases with the increase of the 
number of loading cycles. In order to verify the calculation results of the proposed 
method, a numerical method, the Double Meridian Distance (DMD) method, is used to 
calculate the DSE of each loading cycle. The DMD method is a surveying method used 
to numerically determine the actual area within a closed loop (Wolf and Ghilani 2005). 
Since the total DSE of a loading cycle is the area within the stress and strain hysteresis 
loop shown in Figure 2.10, the DMD method is able to successfully determine the DSE 
of a loading cycle by assessing the area of the stress-strain hysteresis loop. The 
calculation results of the DSE using the DMD method are also illustrated in Figure 2.11, 
in which the DSE calculated using the proposed method approximately overlays that 
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determined using the DMD method at each representative loading cycle. This fact 
clearly demonstrates the accuracy of the proposed method.  
Furthermore, the traditional method, which does not address the difference 
between tensile properties and quasi-compressive properties, is also used to calculate the 
DSE and RSE in order to evaluate the assumption that material properties stay the same 
in the tensile state and quasi-compressive state. Since the tensile stress portion is not 
distinguished from the compressive stress portion in the traditional method, Equations 
2.23 and 2.24 are the general stress and strain functions, respectively, in the integration 
of calculating the energy.  
    cmt   cos10         (2.23)                   
    tcos10            (2.24)        
in which 
20
cmtm   ; and t   because the traditional tensile phase angle is 
measured from the tensile stress portion. The integration is conducted over a quarter of 
the period T  of one loading cycle, and the integration result is multiplied by 4 to obtain 
the total DSE and RSE. Following the same procedure as stated in Section 2.1, the DSE 
and RSE as calculated based on Equations 2.23 and 2.24 are 
t sinDSE 00                     (2.25)  
  tcm  cos2RSE 00        (2.26) 
The DSE and RSE calculated using the traditional method are also shown in Figure 2.11 
and are compared to the results of the other two methods. The DSE calculated using the 
traditional method is clearly smaller than that calculated using the proposed method or 
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the DMD method, indicating that assuming that the tensile properties are the same as the 
quasi-compressive properties underestimates the damage generated in the asphalt 
mixture. This underestimation is not conservative in pavement design. The RSE 
calculated using the traditional method is significantly smaller than that determined 
using the proposed method, suggesting that Equation 2.26 does not produce the actual 
amount of energy recovered after unloading. In fact, the term 0 0
cos
2
   in Equation 2.5 
for the sinusoidal loading wave and the term   tcm  cos2 00   for the haversine 
loading wave are only mathematical terms in the integration results. The traditional  
method arbitrarily considers them as the RSE, which is not appropriate.  
 
Figure 2.11. DSE and RSE in Destructive RDT Test  
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3. CHARACTERIZATION OF FATIGUE DAMAGE IN ASPHALT MIXTURES 
USING PSEUDO STRAIN ENERGY 
 
3.1  Relationship between Fatigue Cracking and Permanent Deformation  
Fatigue cracking and permanent deformation are prevalent distresses of asphalt 
pavements under repeated traffic loading. Fatigue cracking is induced by crack growth in 
a small increment in each loading cycle, while permanent deformation refers to an 
accumulation of plastic strain in the asphalt mixture with the increase of loading cycles. 
Both types of distress have been evaluated using laboratory experiments. Fatigue tests 
have been developed to evaluate the fatigue resistance of asphalt mixtures. Common 
fatigue tests include the repeated flexural bending test (ASTM 2010), indirect tension 
test (Roque et al. 1997; Kim et al. 2002) and uniaxial cyclic test (Si et al. 2002; Walubita 
2006). These tests are usually conducted at room temperature in accordance with the 
understanding that fatigue cracking is predominant at moderate temperatures. Separate 
laboratory tests have also been developed to measure permanent deformation of asphalt 
mixtures, such as the creep test and repeated loading test in a temperature range from 40 
to 70°C (Sousa et al. 1994) since yielding of the asphalt mixture and plastic deformation 
become vital at elevated temperatures. The results of the fatigue tests and permanent 
deformation tests are interpreted using models (most of which are empirical) to simulate 
the evolution of fatigue cracking and permanent deformation, respectively. For example, 
fatigue cracking is modeled using the Paris’ law in terms of the crack growth rate per 
cycle as a function of material properties obtained from the fatigue tests (Kim 2008). 
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Models for permanent deformation are usually regression functions illustrating the 
relationship between the permanent strain and the number of loading cycles (Barksdale 
1972; Monismith et al. 1975; Kenis 1977; NCHRP 1-37A 2002).  
 As a matter of fact, it is not appropriate to characterize the fatigue cracking and 
permanent deformation of asphalt mixtures separately because fatigue cracking and 
permanent deformation develop simultaneously as two companion components of the 
damage, regardless of the temperature. In other words, both cracking and permanent 
deformation develop simultaneously under destructive repeated loading at any 
temperature. Meanwhile, fatigue cracking and permanent deformation are closely related 
to each other. In a visco-elasto-plastic material like an asphalt mixture, cracking is 
accompanied by a large amount of plastic deformation in the localized regions around 
the cracks. The localized plastic deformation not only contributes to one part of the 
permanent deformation but also initiates the growth of fatigue cracking from air voids. 
The other part of the permanent deformation results from the yielding of the bulk intact 
material; when the yielding of the bulk intact material reaches a critical level, more 
cracks develop in the bulk intact material. Elber (1971) used experimental and analytical 
techniques to prove that the existence of permanent deformation led to a considerable 
reduction of allowable load cycles to fatigue cracking failure. Consequently, it is more 
realistic to treat the development of fatigue cracking and permanent deformation as one 
damaging process rather than treating them separately as two damaging processes using 
two separate tests. It is fairly easy to generate both fatigue cracking and permanent 
deformation in an asphalt mixture specimen using the destructive repeated loading test. 
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However, it has not been practical to simultaneously measure both fatigue cracking and 
permanent deformation generated in the same specimen.  
 An energy-based approach has been used to separate fatigue cracking from 
permanent deformation in terms of energy consumption. Specifically, separation of the 
two types of damage in an asphalt mixture specimen can be conducted by distinguishing 
the energy consumed for each damage type. The energy expended on fatigue cracking is 
then used in crack growth models to predict the development of fatigue cracking, and the 
remaining dissipated energy is used in plasticity models to predict the development of 
permanent deformation. The sum of these two parts of energy is the total energy 
dissipated for the total damage generated in the material, which is defined as the 
dissipated pseudo strain energy (DPSE). Although the DPSE has been used as an index 
to characterize the damage in asphalt mixtures for more than a decade (Little et al. 1998; 
Lytton 2000; Kim et al. 2002; Si et al. 2002; Arambula et al. 2007), it is still a challenge 
to properly separate the total DPSE into two parts: one for cracking and the other for 
permanent deformation. Masad et al. (2007) proposed to partition the DPSE into three 
components, including: 1) a component associated with the increase of the phase angle; 
2) a component accounting for the change in the stiffness; and 3) a component related to 
permanent deformation. The first and second components are considered to be related to 
fatigue cracking since the increase of the phase angle and change in the stiffness are due 
to the crack growth in the material. The third component, which is calculated by 
subtracting the first and second components from the total DPSE, is thus associated with 
permanent deformation. However, this partition method is phenomenological rather than 
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mechanistic in nature and does not accurately describe the energy expended for each 
type of damage.  
In order to address the aforementioned research gaps, Section 3 aims at 
characterizing the fatigue cracking and permanent deformation of asphalt mixtures by 
separating the DPSE for the fatigue cracking from the DPSE for the permanent 
deformation from a mechanistic perspective. Firstly, the material properties of a typical 
asphalt mixture under different stress levels are investigated to differentiate the linear 
viscoelastic, nonlinear viscoelastic and damaged regions on the stress-strain curve of the 
asphalt mixture. This investigation provides the theoretical foundation for the test 
protocol design.  
 
3.2  Material Properties of Asphalt Mixtures under Different Stress Levels 
Asphalt mixtures exhibit different properties at different levels of deformation. 
The stress-strain curve of a typical paving asphalt mixture consists of the undamaged 
region and the damaged region, as shown in Figure 3.1. These two regions are separated 
at the critical nonlinear viscoelastic point (Point E in Figure 3.1). The undamaged region 
includes the linear viscoelastic region and the nonlinear viscoelastic region, separated by 
Point B in Figure 3.1. The nonlinear viscoelastic behavior of an undamaged asphalt 
mixture is due to the rotation and translation of aggregates and localized high strains in 
the asphalt mastic (Kose et al. 2000). The different properties of the asphalt mixture in  
the three regions can be characterized using the controlled-strain RDT.  
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Figure 3.1 Stress-Strain Curve of Typical Asphalt Mixtures 
 
When changing the stress amplitude in the controlled-strain RDT test, the 
deformation of the asphalt mixture may be in the linear viscoelastic region, nonlinear 
viscoelastic region or the damaged region. As a result, the measured *tE  and 
*
qcE  may 
vary since the asphalt mixture behaves differently in the three regions.  
 If the axial strain of the specimen is within the linear viscoelastic region (from 
Point O to Point B in Figure 3.1),  
 both *tE  and *qcE  remain the same with the increase of the number of 
loading cycles in the controlled-strain RDT test; and 
 neither *tE  nor *qcE  change when the loading level varies (as long as the 
loading level is low enough to produce only linear viscoelastic strain) in  
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the controlled-strain RDT test.  
For example, if the loading curve is from Point O to A, *tE  and 
*
qcE  stay 
constant since curve OB is a straight line and the slope of OA stays the same. 
In addition, the unloading curve AO is a straight line since it is within the 
linear viscoelastic region. Therefore, t  and qc  remain the same. If Point A 
moves to any other location on Line OB, the above statements remain correct 
because the slope of Line OB remains the same and the unloading curve BO 
overlies the loading curve OB.  
 If the axial strain of the specimen is in the nonlinear viscoelastic region (from 
Point B to Point E in Figure 3.1), 
 both *tE  and *qcE  remain the same with the increase of the number of 
loading cycles in the controlled-strain RDT test, provided that the loading 
level stays constant; and 
 as long as the loading level changes to a higher level that produces a 
higher strain within the nonlinear viscoelastic region, both *tE  and 
*
qcE  
decrease, and both t  and qc  increase. 
For example, if the loading curve is OC (solid curve) in Figure 3.1 and the 
unloading curve is CO (dashed curve), both magnitude and phase angle of the 
complex moduli remain the same with the increase of the number of the 
loading cycles since the tangent to the stress-strain curve at Point C does not 
vary and the area within the loading and unloading loop does not change. 
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When strain level moves from Point C to Point D in Figure 3.1, the tangent to 
the stress-strain curve at Point D is smaller than that at Point C, and the area 
within the loading and unloading loop OD is larger than the area within the 
loading and unloading loop OC. Therefore, *tE  and 
*
qcE  at Point D are 
smaller than those at Point C, and both t  and qc  at Point D are larger than 
those at Point C.  
 If the axial strain of the specimen is in the damaged region (beyond Point E in 
Figure 3.1), 
 both *tE  and *qcE  decrease, and both t  and qc  increase, with the 
increase of the number of loading cycles in the controlled-strain RDT test; 
and  
 when the loading level changes to a higher level, both *tE  and *qcE  
decrease, and both t  and qc  increase.  
Based on the above investigation on the material properties of the asphalt 
mixture in different deformation regions, a comprehensive experimental plan is designed 
to measure the material properties of asphalt mixtures under different stress levels. An 
important objective of the experimental testing is to determine the strain level 
corresponding to Point E in Figure 3.1 in order to separate the undamaged region from 
the damaged region on the stress-strain curve of the asphalt mixture. The undamaged 
region must be separated from the damaged region in calculating the DPSE. The Section 
3.3 details the laboratory tests conducted on selected asphalt mixture specimens. 
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3.3  Procedure of Laboratory Tests on Asphalt Mixtures  
A series of consecutive controlled-strain RDT tests with different strain levels are 
performed on the same test specimen, as shown in Figure 3.2. All tests are conducted at 
a frequency of 1 Hz. There is a 15 min rest period between two consecutive RDT tests in 
order to completely recover any possible deformation.  
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Figure 3.2 Sequence of Controlled-Strain RDT Tests  
In the 1st controlled-strain RDT test, the maximum axial strain is controlled at 40 
µε to assure that the deformation of the asphalt mixture is within the linear viscoelastic 
region so that the deformation will fully recover after unloading (Carpenter et al. 2003; 
Gibson et al. 2003). The test data are used to calculate *tE , t , *qcE  and qc  of the 
specimen for every loading cycle using Equations 1 through 6. Then the F-test is 
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performed on the calculated *tE , t , *qcE  and qc  to determine whether they vary with 
the increase of the number of loading cycles. The null hypothesis 0H  and the alternative 
hypothesis aH  are constructed for 
*
tE , t , *qcE , and qc , respectively, as listed in 
Table 3.1. The subscript of each notation in Table 3.1 has a number indicating the 
number of loading cycles. For example, *1tE  is the magnitude of the tensile complex 
modulus in loading cycle No. 1 in the corresponding RDT test. The values of F-statistic 
and critical F-statistic at a 95% confidence level are calculated using the software Excel 
and are presented in Table 3.2. For the 1st RDT test with a 40 µε maximum axial strain, 
the F-statistic of each material property is smaller than the critical F-statistic. As a result, 
the F-test fails to reject the null hypotheses, and it is concluded that *tE , t , *qcE , and 
qc  are approximately the same in each loading cycle. Therefore, the deformation of the 
test specimen is within the undamaged region during the 1st RDT test with a 40 µε 
maximum axial strain. Subsequently, the average of * 1tNE , 
*
50tNE , 
*
100tNE , 
*
150tNE , and 
*
200tNE  is computed to be the value of 
*
tE . Similarly, the calculated values of each of 
the other three properties ( t , *qcE  and qc ) at loading cycle No. 1, 50, 100, 150 and 
200 are averaged to be the value of the corresponding property. The calculated values of 
*
tE , t , *qcE  and qc  are listed in Table 3.3.  
Since the deformation of the test specimen is proved to be in the undamaged 
region in the 1st RDT test, the maximum axial strain level is then increased from 40 µε to 
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50 µε by an increment of 10 µε in order to search for the critical nonlinear viscoelastic 
point (Point E in Figure 3.1). As a result, the same test specimen is rested for 15 min and 
is then subjected to the 2nd RDT test with the maximum axial strain of 50 µε. Then the 
same data analysis procedure for the 1st RDT test applies to the data of the 2nd RDT test: 
1) Calculate *tE , t , *qcE  and qc  of the specimen for every loading cycle; and 
2) Perform the F-test on the calculated *tE , t , *qcE  and qc  to determine 
whether they vary with the increase of the number of loading cycles. 
The constructed null hypothesis 0H  and alternative hypothesis aH  for the F-test are 
shown in Table 3.1. The F-statistic of each material property is smaller than the critical 
F-statistic, as shown in Table 3.2. As a result, it is concluded that *tE , t , *qcE , and qc  
are approximately the same in each loading cycle of the 2nd RDT test with the maximum 
axial strain of 50 µε. In other words, the deformation of the test specimen is within the 
undamaged region in the 2nd RDT test. The average values of *tE , t , *qcE  and qc  at 
representative loading cycles are then computed to be the values of these properties, as 
listed in Table 3.3.  
Because the deformation of the test specimen is still in the undamaged region in 
the 2nd RDT test, the maximum axial strain is once again increased by an increment of 
10 µε to the level of 60 µε in the 3rd RDT test to continue searching for Point E in Figure 
3.1. After performing the 3rd RDT test on the same test specimen, the same data analysis 
procedure applies to the test data of the 3rd RDT test, and the F-test hypotheses and 
statistics are listed in Tables 3.1 and 3.2. The statistical analysis proves that *tE , t , 
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*
qcE , and qc  are approximately the same in each loading cycle of the 3rd RDT test. 
Therefore, the deformation of the test specimen is still in the undamaged region in the 3rd 
RDT test. Then the average values of *tE , t , *qcE  and qc  are calculated based on the  
corresponding values of representative loading cycles, and are listed in Table 3.3.  
Table 3.1 Hypotheses in F-Test 
Maximum 
Strain (με)  
Material 
Property 
Null Hypothesis  
( 0H ) 
Alternative 
Hypothesis 
( aH ) 
40, 50, 60, 
70 
*
tE  
* * * * *
1 50 100 150 200t t t t tE E E E E     At least one 
*
tE  
differs from the rest 
t  1 50 100 150 200t t t t t         At least one t  differs from the rest
*
qcE  
* * * * *
1 50 100 150 200qc qc qc qc qcE E E E E     At least one 
*
qcE  
differs from the rest
qc  1 50 100 150 200qc qc qc qc qc         At least one qc  differs from the rest
200 
*
tE  
* * * *
1 50 100 250
* * *
500 750 1000
t t t t
t t t
E E E E
E E E
  
  
 At least one 
*
tE  
differs from the rest
t  1 50 100 250
500 750 1000
t t t t
t t t
   
  
  
    
At least one t  
differs from the rest
*
qcE  
* * * *
1 50 100 250
* * *
500 750 1000
qc qc qc qc
qc qc qc
E E E E
E E E
  
    
At least one *qcE  
differs from the rest
qc  1 50 100 250
500 750 1000
qc qc qc qc
qc qc qc
   
  
  
    
At least one qc  
differs from the rest
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Table 3.2 Values of F-Statistic and Critical F-Statistic of F-Test 
Material Property F-Statistic 
 40 με  50 με  60 με  70 με 200 με 
*
tE  1.362 1.280 1.373 5.543 157.5 
t  1.740 1.181 0.208 4.080 16.15 
*
qcE  1.056 0.310 1.482 2.302 63.85 
qc  0.349 0.531 1.507 2.339 14.88 
Critical F-Statistic 
(95% Confidence Level) 2.579 2.246 
 
Table 3.3 Measured Material Properties in RDT Tests 
Material Property Strain Level 
 40 με  50 με  60 με 
*
tE  (MPa) 5027 4971 4953 
t  (°) 26.28 26.87 27.59 
*
qcE  (MPa) 4412 4169 4076 
qc  (°) 28.65 29.22 30.08 
 
Although statistical analysis proves that the first three RDT tests are all 
nondestructive and that the material properties of the test specimen do not change with 
the increase of the number of loading cycles, Table 3.3 shows that the test specimen 
exhibits different properties when the maximum axial strain changes from one level to 
the next higher level. Specifically, as the maximum axial strain increases, the values of 
*
tE  and 
*
qcE  decreases, and the values of t  and qc  increases. These observations are 
verified using the t-test. The null hypothesis 0H  and the alternative hypothesis aH  are 
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constructed and presented in Table 3.4.  The values of the t-statistic and critical t-statistic 
are calculated and listed in Table 3.5. The absolute values of the t-statistics of all four 
properties are larger than their corresponding critical t-statistics at a 95% confidence 
level. The results of the t-tests indicate that the constructed null hypotheses shown in 
Table 3.4 are rejected. In other words, the t-test results prove that, when the maximum 
axial strain increases, both *tE  and 
*
qcE  decreases, and both t  and qc  increases. 
Based on Figure 3.1 and the analysis above, it can be inferred that the deformation of the  
test specimen must be within the nonlinear viscoelastic region in the 2nd and 3rd RDT test.  
Table 3.4 Hypotheses in t-Test 
Material Property Null Hypothesis  ( 0H ) Alternative Hypothesis ( aH ) 
*
tE  
* *
1
0t t
i i
E E

   * *
1
0t t
i i
E E

   
t      1 0t ti i         1 0t ti i     
*
qcE  
* *
1
0qc qc
i i
E E

   * *
1
0qc qc
i i
E E

   
qc      1 0qc qci i         1 0qc qci i     
i = number of loading level, = 1, 2… 
Table 3.5 Values of t-Statistic and Critical t-Statistic of t-Test 
Material 
Property 
t-Statistic  
(40 με vs. 50 με) 
t-Statistic  
(50 με vs. 60 με) 
Critical t-Statistic 
(95% Confidence Level)
*
tE  5.339 4.944 
2.132 
 
t  -3.313 -5.638 
*
qcE  16.302 4.540 
qc  -4.896 -3.283 
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After the first three RDT tests, the test specimen is once again rested for 15 min 
and is subjected to the 4th RDT test with the maximum axial strain of 70 µε. The F-test is 
performed on the test data; the hypotheses and statistics are listed in Tables 3.1 and 3.2. 
The F-statistics of *tE  and t  are larger than the critical F-statistic at the 95% 
confidence level, while the F-statistics of *qcE  and qc  are slightly smaller than the 
critical F-statistic at the 95% confidence level. This fact proves that at least *tE  and t  
vary with the increase of the number of loading cycles, which suggests the occurrence of 
damage in the specimen. Consequently, the 4th RDT test is a destructive test that 
introduces damage to the test specimen, and the deformation of the specimen is within 
the damaged region in the 4th RDT test.  
Based on the analysis on the test data of the four RDT tests, it can be concluded 
that the critical nonlinear viscoelastic point (Point E in Figure 3.1) corresponds to a 
strain level between 60 µε and 70 µε. For convenience, the strain level of 60 µε is 
regarded as the critical nonlinear viscoelastic point (Point E in Figure 3.1), which is the 
threshold loading level between the nondestructive loading and the destructive loading. 
Therefore, the material properties at the strain level of 60 µε are defined as critical 
nonlinear viscoelastic properties and will be used as reference properties in order to 
quantify the damage in the specimen. These critical nonlinear viscoelastic properties 
include the magnitudes and phase angles of the tensile and quasi-compressive complex 
moduli, which are denoted as *tNLVEE , tNLVE , *qcNLVEE , and qcNLVE , respectively.     
Once the strain level corresponding to the critical nonlinear viscoelastic point is  
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determined, a destructive RDT test with 200 µε is conducted on the same test specimen 
to introduce significant damage to the specimen. The test data are used to calculate the 
material properties, including *tE , t , *qcE  and qc , of the test specimen at every 
loading cycle.  
After the properties of the test specimen at different stress levels are determined, 
the test data of the nondestructive and destructive RDT tests stated above are used to 
calculate the pseudo strain and pseudo strain energy of the specimen at different load 
levels. Section 3.4 details the calculation of the pseudo strain and pseudo strain energy.  
 
3.4  Calculation of Pseudo Strain and Pseudo Strain Energy  
3.4.1 Calculation of Pseudo Strain 
 Pseudo strain is an essential parameter for separating the viscoelastic effect from 
the damage that is generated in an asphalt mixture. It is defined based on Schapery’s 
extended elastic-viscoelastic correspondence principle (Schapery 1984) as follows: 
     
0
1 t VE
R
R R
d t
E t d
E d E
            (3.1) 
where R  is the pseudo strain; t  is the loading time;   is any arbitrary time between 0 
an t ;  E t  is the relaxation modulus of undamaged asphalt mixture; RE  is the reference 
modulus that is used to achieve a dimensionless variable for R ; and  VE t  is the 
viscoelastic stress corresponding to the strain history  t .  
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In order to calculate R  in the controlled-strain RDT test,  VE t  should be 
determined first. As detailed in previous Section 2, a loading cycle in any controlled-
strain RDT test has two stress portions, a tensile stress portion and a compressive stress 
portion, in order to maintain the strain curve with the haversine shape. When the stress is  
tensile in a loading cycle of the RDT test, the strain can be reformulated as: 
 
 
0
0 0
1 2
1 cos
cos
t
t
t
t
   
   
 
    
  
 
       (3.2) 
where 1 0  , which is a constant strain history corresponding to the viscoelastic stress 
1VE ; and  2 0 cos tt     , which is a sinusoidal strain history in response to the 
viscoelastic stress 2VE . The formulations of 1VE  and 2VE  are given in Equations 3.3 
and 3.4, respectively (Wineman and Rajagopal 2000).  
 1 0VE E t           (3.3) 
 *2 0 cosVE tu t tuE t             (3.4) 
where *tuE  and tu  are the magnitude and phase angle of the tensile complex modulus 
of the undamaged asphalt mixture, respectively, or the reference material properties of 
the undamaged asphalt mixture. Based on the identification of the threshold loading 
level between the nondestructive loading and the destructive loading in Section 3.3, the 
critical nonlinear viscoelastic properties at the critical nonlinear viscoelastic point (Point 
E in Figure 3.1) are used as the reference material properties in Equation 3.4, which then 
becomes: 
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 *2 0 cosVE tNLVE t tNLVEE t            (3.5) 
The viscoelastic stresses corresponding to 1  and 2  are superimposed to obtain 
the viscoelastic stress corresponding to  , as shown in Equation 3.6. 
   *0 0 cosVEt tNLVE t tNLVEE t E t             (3.6) 
where VEt  is the viscoelastic stress in the tensile stress portion of a loading cycle of the 
RDT test. When the axial deformation of the asphalt mixture is at the critical nonlinear 
viscoelastic state, which is 60 µε in the specific case stated in Section 3.3, VEt  is 
calculated by substituting 0 0,60   and t NLVE   into Equation 3.6: 
   *,60 0,60 0,60 cosVEt tNLVE tNLVE tNLVEE t E t            (3.7) 
where 0,60  is the strain amplitude in the RDT test with the maximum axial strain level 
of 60 µε. The viscoelastic stress at this loading level is the same as the measured stress 
( ,60t ) because there is no damage introduced to the specimen at this loading level and 
the measured stress corresponds to the viscoelastic strain. According to Equation 2.15, 
the measured stress can be formulated as: 
 ,60 0 ,60 ,601 cost t stt              (3.8) 
Based on Equation 2.19, *0 ,60 0,60t tNLVEE  , which is substituted into Equation 3.8 to 
obtain: 
 *,60 0,60 ,601 cost tNLVE stE t             (3.9) 
Since ,60 ,60t VEt  , Equations 3.7 and 3.9 are utilized to solve for  E t : 
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  ,60*
0,60
st
tNLVEE t E

         (3.10) 
As a result, instead of measuring the relaxation modulus (  E t ),  E t  can be  
calculated using Equation 3.10 based on *tNLVEE , ,60st  and 0,60 , all of which are 
obtained from the nondestructive RDT test with the maximum axial strain level of 60 µε. 
Consequently,  E t  is substituted into Equation 3.6 to obtain the final expression of 
VEt  for a controlled-strain RDT test at any loading level: 
 * 00 ,60
0,60
1 cosVEt tNLVE t tNLVE stE t
               (3.11) 
When the strain level is 60 µε, ,60VEt  is given in Equation 3.11; when the strain level is 
200 µε, ,200VEt  is obtained using Equation 3.11: 
  0,200*,200 0,200 ,200 ,60
0,60
1 cosVEt tNLVE t tNLVE stE t
              (3.12) 
where ,200VEt  is the viscoelastic stress in the tensile stress portion of a loading cycle of 
the RDT test at the strain level of 200 µε; 0,200  is the strain amplitude in the RDT test at 
200 µε; and ,200t  is the phase angle of the tensile complex modulus in the RDT test at 
200 µε.  
Following the same procedure for the tensile stress portion of a loading cycle, the 
viscoelastic stress in the compressive stress portion of a loading cycle is also formulated 
as shown in Equation 3.13: 
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 * 00 ,60
0,60
1 cosVEqc qcNLVE qc qcNLVE cmE t
               (3.13) 
where VEqc  is the viscoelastic stress in the compressive stress portion of a loading cycle  
of the RDT test at any loading level.  
Based on the determination of  VE t , Equation 3.1 is used to calculate the 
pseudo strain R . The reference modulus RE  in Equation 3.1 is equal to *tNLVEE  when 
the stress is tensile, and is equal to *qcNLVEE  when the stress is compressive in a loading 
cycle. Consequently, the pseudo strain is calculated as follows: 
1. When the stress is tensile: 
    ,6000* *
0,60
1 cos stVE VEtR t tNLVE
R tNLVE tNLVE
t
t
E E E
                  (3.14) 
2. When the stress is compressive: 
    ,6000* *
0,60
1 cosVEqc cmVER qc qcNLVE
R qcNLVE qcNLVE
t
t
E E E
                  (3.15) 
Equations 3.14 and 3.15 are validated using the stress-strain and stress-pseudo 
strain diagrams, or hysteresis loops. The stress-strain hysteresis loops are produced 
based on Equations 2.15 through 2.18; the stress-pseudo strain hysteresis loops are 
generated based on Equations 2.15 and 3.14 for the tensile stress portion and based on 
Equations 2.17 and 3.15 for the compressive stress portion. The generated hysteresis 
loops are presented in Figures 3.3 and 3.4. The area of the stress-strain hysteresis loop 
represents the amount of the DSE in the corresponding loading cycle. When the test 
59 
 
specimen is at the critical nonlinear viscoelastic state, the entire amount of the DSE is 
expended on the viscoelastic effect of the asphalt mixture, which includes both linear  
and nonlinear viscoelastic effects. 
In contrast, the stress-pseudo strain hysteresis loops become straight lines 
because the pseudo strain is in phase with the stress and all energy used for the 
viscoelastic effect of the material is removed from the stress-pseudo strain hysteresis 
loop. For example, for the first loading cycle of the nondestructive RDT test at 60 µε, the 
stress-pseudo strain hysteresis loop becomes line OM  for the tensile stress portion and 
line ON  for the compressive stress portion, as shown in Figure 3.3. The slope of line 
OM  is different from the slope of line ON  because the tensile properties are different  
from the quasi-compressive properties of the asphalt mixture.  
 
Figure 3.3 Hysteresis Loop of an Asphalt Mixture Specimen at the Critical 
Nonlinear Viscoelastic State in Nondestructive RDT Test 
N
M
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When the destructive RDT test is performed on the same specimen, the DSE is 
expended not only on the viscoelastic effect but also to drive the damage. As a result, the 
stress-pseudo strain hysteresis loops are no longer straight lines. Since the part of the 
DSE expended on the viscoelastic effect has been removed from the stress-pseudo strain 
hysteresis loop, the enclosed area of the stress-pseudo strain hysteresis loop represents 
the DPSE, which is the part of the DSE used to drive cracking and permanent  
deformation in the asphalt mixture, as shown in Figure 3.4.  
 
Figure 3.4 Hysteresis Loop of an Asphalt Mixture Specimen at the Damaged State  
in Destructive RDT Test 
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3.4.2 Calculation of Pseudo Strain Energy 
  Based on the pseudo strain formulated in Equations 3.14 and 3.15, the pseudo 
strain energy density (energy per unit volume) is calculated by integrating the stress and  
pseudo strain: 
   2
1
t R
R t
d t
W t dt
dt
         (3.16) 
where RW  is the pseudo strain energy density in a loading period  1 2,t t , which is equal 
to the strain energy density W  minus the energy spent on the linear and nonlinear 
viscoelastic effects. There are two types of pseudo strain energy density, one of which is 
the energy dissipated to develop damage in the specimen, defined as the DPSE, the other 
of which is the recoverable pseudo strain energy (RPSE) that is stored and recovered 
corresponding to the purely elastic effect of the material. The DPSE and RPSE are both 
calculated using the same method and procedure as those for the DSE and RSE as 
described in Section 2. The final formulation of the DPSE and RPSE are presented in 
Equations 3.17 and 3.18.  
Based on Equations 3.17 and 3.18, the DPSE and RPSE are calculated for every 
loading cycle of the destructive RDT test. Figure 3.5 shows the evolution of the DPSE 
and RPSE of a number of representative loading cycles. The DPSE increases with the 
increase of the number of loading cycles, indicating the damage accumulation in the 
asphalt mixture specimen. The rate of damage accumulation can be measured by the rate 
of the change of the DPSE with the increase of the number of loading cycles.  
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Specifically, an exponential function is fitted the DPSE curve using MATLAB: 
0.24 2DPSE=6.36 7.19, 0.998N R       (3.19)  
in which N  is the number of loading cycles. The high R-squared value indicates the 
goodness of the model fit. The rate of the change of the DPSE is thus calculated as: 
0.76DPSE =1.53d N
dN
         (3.20) 
Figure 3.5 also shows that the RPSE decreases with the increase of the number of 
loading cycles, implying that the specimen is losing the ability to store and recover 
energy, or the material is losing its integrity due to the damage accumulation.  
The calculated DPSE will be further decomposed into two components: the 
DPSE for cracking and the DPSE for permanent deformation. The formulation of the  
two components of the DPSE will be detailed in Section 3.5.  
 
Figure 3.5 DPSE and RPSE in Destructive RDT Test 
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3.5  Balance of Pseudo Strain Energy  
In order to separate the two components of the DPSE, Section 3.5 will firstly 
investigate the energy distribution around the cracks in the process of damage 
development at the microscopic level. At the microscopic level, the asphalt mixture 
specimen consists of intact material (asphalt binder and aggregates) and air voids, which 
act as the initial cracks in the specimen.  
Figure 3.6(a) presents a schematic sketch of the micro-level view of an asphalt 
mixture subjected to a tensile stress t , which is normally regarded to be uniformly 
distributed on the entire cross section of the specimen. This is an apparent description of 
the stress without considering any air voids or cracks in the material. As a matter of fact, 
due to the existence of air voids (initial cracks), the stress distribution is not uniform, 
which is represented using force lines (dashed curves) in Figure 3.6(a). Denser force 
lines at the crack tips indicate local stress concentration, and the curved force lines in the 
vicinity of the crack tips illustrate the nonlinear distribution of the stress. This 
localization of the stress (stress concentration and nonlinear distribution) results in a 
localization of strain in the corresponding regions surrounding the cracks. It has been 
reported that the average value of the localized strain can be from 4 to 100 times of the 
bulk strain in the asphalt mixture (Bahia et al. 1999; Kose et al. 2000; Masad and 
Somadevan 2002). It can be concluded that the presence of cracks significantly changes 
the stress and strain in the intact material at the microscopic level.  
Because of the variation of the stress and strain distribution around the cracks, 
the energy is also redistributed around the cracks. Due to the visco-elasto-plastic nature 
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of the asphalt mixture, a large amount of energy is consumed as the plastic work to drive 
the advance of the fracture process zone, where material separation occurs which creates 
two new surfaces from the initial crack (Schapery 1984). Figure 3.6(b) illustrates the 
fracture process zone and the resulting enlargement of the initial crack, i.e., the 
propagation of the initial crack. Consequently, a plastic region develops surrounding the 
fracture process zone with large local plastic deformation. This plastic region is labeled 
“1” and is located approximately in the long-dashed and short-dashed circle in Figure 
3.6(a). In addition to the localized plastic deformation, plastic deformation also develops 
in the area without any cracks due to yielding of the intact material, such as the region 
labeled “2” in Figure 3.6(a). These two parts of plastic deformation add up to the total 
plastic deformation, or the permanent deformation of the asphalt mixture specimen. The 
energy expended on the total plastic deformation is the DPSE for permanent deformation.  
The propagation of the initial crack also results in the redistribution of the RPSE 
because of the relaxation of the intact material above and below the crack in the region 
enclosed in long-dashed and double short-dashed lines labeled “3” in Figure 3.6(a). The 
RPSE is released as the intact material in this region is unloaded due to crack 
propagation. Part of the released RPSE provides the surface energy that is required to 
separate the intact material to create new crack surfaces labeled “4” in Figure 3.6(a). 
This surface energy is absorbed by the newly created crack surfaces.  
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Figure 3.6. Micro-view of Cracked Asphalt Mixture Specimen in Destructive 
 Test 
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Because of the presence of cracks in the asphalt mixture, the stress, strain and 
energy distribution in the intact material are certainly different from those in the bulk 
material. For example, the stress of the intact material should be equal to the applied 
load divided by the cross sectional area excluding the crack opening areas (instead of the 
entire cross section). This stress is defined as the “true stress” in this study. Similarly, 
the strain and energy in the intact material are defined as “true strain” and “true energy”, 
respectively. In contrast, the stress in the bulk material is defined as the “apparent stress”, 
which is equal to the applied load divided by the entire cross sectional area (including 
crack opening areas). The strain and energy of the bulk material are defined as “apparent 
strain” and “apparent energy”. The RDT test provides measurements of the apparent 
stress, strain and energy, which are related to the true stress, strain and energy based on 
the principle of energy balance.  
The principle of energy balance states that any kind of true energy within the 
intact material equals its counterpoint from the apparent measurement. This is because 
only the intact material can store, release and dissipate energy while cracks cannot. 
Consequently, the true energy within the intact material must equal the apparent energy 
within the entire specimen, including the intact material and cracks. According to this 
principle, energy balance equations, including strain energy balance equations and 
pseudo strain energy balance equations, are formulated between the true energy and the 
apparent energy. 
First the strain energy balance equations are formulated for the DSE and RSE. 
The DSE balance equation states that the apparent DSE equals the true DSE: 
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DSE DSEA T         (3.21) 
in which the superscript “A” stands for “apparent” and “T” stands for “true”. Similarly, 
the RSE balance equation states that the apparent RSE equals the true RSE: 
RSE RSEA T         (3.22) 
Secondly the pseudo strain energy balance equations are constructed for 
damaged asphalt mixtures under destructive loading. The DPSE balance equation is 
formulated as follows: 
DPSE DPSEA T         (3.23) 
in which DPSE A  is the DPSE calculated using Equation 3.17. The RPSE balance 
equation shown in Equation 3.24 is constructed on the basis that the apparent RPSE 
equals the true RPSE associated with the energy redistribution during crack propagation.  
 RPSE RPSE RPSEA T Tm m rV V V S        (3.24) 
in which: 
 RPSEA  is the apparent RPSE calculated using Equation 3.18. 
 mV  is the volume of the asphalt mastic in one layer of the asphalt mixture 
specimen, whose thickness equals the mean film thickness. The formulation of 
mV  is: 
m mV A t         (3.25) 
where mA  is the area of the asphalt mastic on a cross section of the specimen; 
and t  is the mean film thickness, determined based on the aggregate surface area 
and the effective volume of the asphalt binder (Roberts et al. 1996): 
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 asp
V
t
SA W
          (3.26) 
where aspV  is the effective volume of the asphalt binder; SA  is the surface area 
of the aggregate; and W  is the weight of the aggregate. 
 RPSET  represents the true RPSE of the asphalt mastic before cracks propagate 
from the initial air voids. 
 rV  is the volume of the asphalt mastic in region “3” in Figure 3.6(a), which is 
subjected to a relaxation process and releases the RPSE during the crack 
propagation. The crack is assumed to be penny-shaped (Lytton 2004), as shown 
in Figure 3.6(b). Therefore, rV  approximately equals the difference between the 
volume of the larger cone and the volume of the smaller cone above and the 
below the crack. If the radius of the initial crack is Ic  and the radius of the new 
crack after crack propagation is Nc , the height of the smaller cone is Ic  and the 
height of the larger cone is Nc  (Roylance 2001). Thus rV  is calculated as 
follows: 
2 21 12
3 3r N N N I I I
V c c M c c M                (3.27) 
in which NM  is the number of new cracks within the volume mV , and IM  is the 
number of initial cracks within the volume mV .  
   is the surface energy density (energy per unit area). 
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 S  is the total area of the newly created crack surfaces corresponding to the 
region labeled “4” in Figure 3.6(a) and also the shadowed area in Figure 3.6(b). 
S  is calculated as follows: 
 2 22 N N I IS c M c M           (3.28) 
S  is the amount of the energy absorbed from the released RPSET rV  and 
restored on the newly created crack surfaces.  
Since RPSET rV  is the energy released around the crack during the crack 
propagation and S  is the surface energy absorbed from RPSET rV , the difference 
between RPSET rV  and S  is the energy dissipated due to crack growth, which is the 
DPSE for cracking as formulated in Equation 3.29: 
cDPSE RPSE
T
rV V S         (3.29) 
where DPSEc  is the DPSE for cracking, and V  is the volume of one layer of the asphalt 
mixture specimen, calculated by the entire cross sectional area multiplied by the mean 
film thickness. Then the DPSE for permanent deformation ( DPSE p ) is calculated by 
subtracting DPSEc  from the total DPSE: 
DPSE DPSE DPSETp c         (3.30) 
As a result, the DPSE expended on cracking and DPSE expended on permanent 
deformation are completely formulated, respectively. The next step is to calculate the 
amount of DPSEc  and DPSE p  based on the test data using the above formulation, 
which is presented in Section 4.  
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4. MODEL FATIGUE CRACK GROWTH IN ASPHALT MIXTURES USING 
PSEUDO STRAIN ENERGY BALANCE  
 
4.1  Current Models for Fatigue Cracking 
Models for fatigue cracking used in asphalt pavement engineering generally can 
be divided into four categories: 1) the strain approach (Monismith et al. 1971; The 
Asphalt Institute 1981; Tayebali 1994); 2) the dissipated energy approach (Van Dijk et 
al. 1975; Tayebali et al. 1992; Ghuzlan and Carpenter 2000); 3) the fracture mechanics 
approach; and 4) the continuum damage mechanics approach. In the strain approach, the 
fatigue resistance is expressed as the number of load applications to failure, which is 
related to the tensile strain by a regression function from the test data. In the dissipated 
energy approach, similarly, the fatigue resistance is represented by a regression function 
between the dissipated energy and the number of load applications to failure. There is a 
common feature for the first and second categories of models: the test data is analyzed 
using a statistical regression method so the regression coefficients depend on the 
experimental conditions, the materials used, and the geometry of the specimen, etc. This 
means that a different set of regression coefficients are required if any of these 
parameters changes. The empirical nature of this statistical analysis method and the 
resulting models limits their applications since it is not prudent to describe such 
phenomena outside the range of the original test data. In addition, these models are more 
dependent on experience rather than specifying the cause and effect of a particular 
phenomenon. In contrast, the mechanics-based approach and models do not have such 
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problems. The need to develop mechanics-based pavement design and its benefits are 
now recognized by more and more people (NCHRP 1-37A, 2002). From this 
perspective, the third and fourth category, the fracture mechanics approach and 
continuum damage mechanics approach seem very attractive to model the fatigue 
cracking of asphalt mixtures.  
 In fracture mechanics, the most widely used model for fatigue cracking is a 
power function in the form of Paris’ Law (Paris and Erdogan 1963), which relates the 
crack growth per cycle to the stress intensity factor or the J integral by two coefficients 
A  and n .  
  or        nn AJ
dN
dcAK
dN
dc 
      
(4.1)
 
where dNdc  is the crack growth per cycle; K  is the stress intensity factor; J  is the J 
integral; and A  and n  are fracture coefficients determined from experiments. Schapery 
(1975, 1978) studied the crack growth in viscoelastic materials and derived A  and n  as 
a function of fundamental material properties. Based on Schapery’s work, more 
modifications have been made for A  and n  so that the fatigue crack growth of asphalt 
mixtures can be predicted from a series of simple tests such as the creep test, the tensile 
strength test, and surface energy measurement instead of extensive fatigue tests (Little et 
al. 1997 and 2001; Walubita et al. 2006; Masad et al. 2007). The major problem of these 
Paris’ Law based models is that they are derived from the analysis of growth of one 
crack, which is not suitable to simulate the situation of numerous cracks growing in the 
asphalt mixture specimen under repeated loading.     
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 Another important mechanics approach that studies cracking damage is 
continuum damage mechanics. Compared to fracture mechanics, it has the advantage of 
considering all cracks as damage and measures the damage by the effect that all cracks 
exert on the macro response of the material (nonlinear stress-strain behavior and 
degradation of material stiffness). Kachanov (1958) pioneered this area by 
differentiating the initial area of an undamaged section of the material and the actual 
area of this section after a certain part of the section is “lost” as a result of crack growth. 
He defined a damage parameter as follows: 
A
AA           (4.2) 
where   is the damage parameter; A  is the initial area of the undamaged section; and A  
is the actual area of the damaged section. The value AA  represents the lost area which 
is the total area of all cracks. Then through the force equilibrium AA   , the damage 
parameter can be expressed by the stress ratio as follows: 

 1           (4.3) 
where   is nominal stress on the initial area of the undamaged section; and   is 
effective stress on the actual area of the damaged section. In this way, the damage 
parameter can be formulated in constitutive equations, and further in the damage 
evolution law to analytically describe the effect of crack growth. Application of 
continuum damage mechanics to fatigue yields many different models (Hashin and 
Rotem 1978; Lemaitre and Chaboche 1978; Ostergren and Krempl 1979; Hashin and 
74 
 
Laird 1980; Altus 1991; Suresh 1991; Lemaitre 1992). In these models, the incremental 
damage per loading cycle is postulated to be a function of stress, plastic strain, and 
already accumulated damage, and the damage evolution law is usually manipulated into 
the form of well-established empirical rules so as to provide legitimacy to the model. 
Most of these models require adjustable parameters to fit the test data. As a result, these 
models are still phenomenological in nature (Krajcinovic 1996). 
In order to address the shortcomings associated with the aforementioned 
methods, Section 4 aims at using the energy-based mechanistic approach developed in 
Section 3 to model the fatigue crack growth in asphalt mixtures. The first step of using 
this approach is to determine the true stress, true strain, and true pseudo strain in order to 
calculate all types of true energy.  
 
4.2  Simulation of True Stress, True Strain, and True Pseudo Strain 
  In a typical controlled-strain RDT test, the stress/strain/pseudo strain in the intact 
material, or the true stress/true strain/true pseudo strain, should have the same pattern as 
those in the bulk specimen. In other words, the true stress has the same formulation as 
the apparent stress shown in Equation 2.15 or 2.17; the true strain has the same 
formulation as the apparent strain shown in Equation 2.16 or 2.18; the true pseudo strain 
has the same formulation as the apparent pseudo strain shown in Equation 3.14 or 3.15. 
However, the apparent stress/strain/pseudo strain which have tension and quasi-
compression due to crack opening and closure are different from the true stress/true 
strain/true pseudo strain which do not need to distinguish the tension and quasi-
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compression since the cracks are excluded from the intact material. As a result, the true 
stress/true strain/true pseudo strain can be expressed by Equation 4.4, 4.5, and 4.6, 
respectively.      
  0 1 cosT T Tcmt           (4.4)   
   0 1 cosT T Tt              (4.5)  
   ,00 *
0,
1 cos
TT
T T T T cm NLVE
R NLVE T T
NLVE NLVE
t
E
            
  
 
(4.6)  
where T  is the true stress; 0T  is the true stress amplitude; Tcm  is the magnitude of the 
true minimum stress; T  is the true strain; 0T  is the true strain amplitude, which is 
related to T0  by the magnitude of true complex modulus *TE  as follows: 
 00 *
T
T
TE
 
   
      
(4.7)  
 T  is the phase angle of the true complex modulus; TR  is the true pseudo strain; TNLVE  
is the phase angle of the true complex modulus at the critical nonlinear viscoelastic state; 
T
NLVEE
*  is the magnitude of the true complex modulus at the critical nonlinear 
viscoelastic state; 0,
T
NLVE  is the true strain amplitude in the RDT test at the threshold 
loading level; and ,
T
cm NLVE  is the magnitude of the true minimum stress at the threshold 
loading level. The simulation parameters, such as 0
T , Tcm , and 0T ,  and the true 
material properties ( *TE  and T ) are not directly obtainable since it is impossible to 
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extract the intact material from the bulk specimen and test it separately. Instead, they 
must be obtained using the apparent measurements provided by the controlled-strain 
RDT test. The method of determining the simulation parameters and the true material 
properties are introduced as follows.  
4.2.1 Determination of Simulation Parameters in Undamaged Asphalt Mixtures  
There are five simulation parameters in Equations 4.4 to 4.7: 0
T , Tcm , 0T , 
0,
T
NLVE , and ,Tcm NLVE . As a matter of fact, there are only two independent simulation 
parameters: 0
T  and Tcm , since 0T  is related to 0T  by Equation 4.7 and 0,T NLVE , and 
,
T
cm NLVE  are 0T , and Tcm  in a RDT test at the threshold loading level. These two 
independent simulation parameters are determined using the principle of force 
equilibrium.  
The principle of force equilibrium states that the true force carried by the intact 
material equals the apparent force assumed to be carried by the entire cross section of the 
specimen. According to this principle, a force equilibrium equation can be constructed 
between the true stress and the apparent stress. Specifically, for a complete loading cycle 
of the RDT test, a force equilibrium equation is constructed between t  and T  for the 
tensile stress portion as shown in Equation 4.8, and a force equilibrium equation between 
c  and T  for the compressive stress portion as shown in Equation 4.9: 
          TcmTctstt tSAtA   cos1cos1 00    (4.8) 
          TcmTcccmc tSAtA   cos1cos1 00    (4.9) 
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where A  is the entire cross sectional area of the asphalt mixture specimen; ctS  is the 
area of the cracks on a cross section in the tensile stress portion. The value of ctSA  
represents the area of the intact material on a cross section in the tensile stress portion; 
ccS  is the area of the cracks on a cross section in the compressive stress portion, which 
is different from ctS  because the extent of the crack opening and closure is different. The 
value of ccA S  represents the area of the intact material on a cross section in the 
compressive stress portion. 
Arranging Equation 4.8 can yield the following two equations: 
   Tctt SAA 00        (4.10) 
   Tcmctst SAA     (4.11) 
Similarly, Equation 4.9 yields two equations as follows: 
   Tccc SAA 00        (4.12) 
   Tcmcccm SAA     (4.13) 
Combine Equations 4.10 and 4.12 by adding the left side of the equation and the right 
side of the equation, respectively: 
     Tccctct SASAA 000           (4.14) 
Combine Equations 4.11 and 4.13 in the same way: 
     Tcmccctcmst SASAA          (4.15) 
Define the average of ctS  and ccS  as the average area of the cracks on a cross section in 
a loading cycle of the RDT test, denoted cS  
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 2
ct cc
c
S S S           (4.16) 
Substituting Equation 4.16 into Equations 4.14 and 4.15, gives: 
     Tcct SAA 000 2          (4.17) 
     Tcmccmst SAA   2        (4.18) 
Solve for 0
T  by Equation 4.17 and for Tcm  by Equation 4.18:  
 
 0 0
0
2
1
t cT
cS A
            (4.19) 
 
  2
1
st cmT
cm
cS A
            (4.20) 
Equations 4.19 and 4.20 are the expressions of the simulation parameters for the true 
stress calculated using the apparent measurements extracted from the RDT test. They are 
applicable to both an undamaged asphalt mixture in a nondestructive RDT test and a 
damaged specimen in a destructive test. In the nondestructive test, the value of cS A  
equals the air void content since the air voids are the initial cracks and the area of the air 
voids does not change in the nondestructive test. However, in the destructive test, cS , is 
a unknown variable and changes with the increase of the number of loading cycles as the 
cracks grow. Consequently, Equations 4.19 and 4.20 are used to determine the true stress 
in an undamaged asphalt mixture. The method to determine the true stress in a damaged 
asphalt mixture will be introduced later. After determining the true stress, the true strain 
and true pseudo strain can be obtained once the true material properties are determined, 
which is presented as follows.  
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4.2.2  Determination of True Material Properties in both Undamaged and Damaged 
Asphalt Mixtures 
The true material properties are the material properties of the intact material in an 
asphalt mixture specimen. In a controlled-strain RDT test, the true complex modulus 
*TE  ( *TE  and T ) has the following characteristics: 
 Both *TE  and T  remain the same with the increase of the number of loading 
cycles in a RDT test at any loading level. This is because the air voids and cracks 
are excluded from the intact material, so the crack growth within a RDT test does 
not influence the behavior of the intact material.  
 Both *TE  and T  change ( *TE  decrease and T  increase) from one loading 
level to a higher loading level if the asphalt mixture specimen is within the 
nonlinear viscoelastic region or the damaged region. This is because of the 
nonlinear viscoelastic nature of the intact material when an asphalt mixture 
specimen is under a high loading level.  
According to these characteristics, the true material properties are classified into two 
categories:  
1) The true material properties of an undamaged asphalt mixture, which are defined 
as nondestructive true material properties; and  
2) The true material properties of a damaged asphalt mixture, which are defined as 
destructive true material properties. 
The nondestructive true material properties at the threshold loading between the  
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nondestructive and destructive loading are the true critical nonlinear viscoelastic 
properties ( *TNLVEE  and 
T
NLVE ). The nondestructive true material properties are obtained 
from the nondestructive RDT tests; the destructive true material properties are obtained 
from the destructive RDT test. However, they cannot be measured directly. Instead, the 
true material properties are determined using the DSE and RSE balance equations.  
In order to use the DSE balance equation (Equation 3.21) and the RSE balance 
equation (Equation 3.22), DSET and RSET must be determined first. They are calculated 
by integrating T  (Equation 4.4) and T  (Equation 4.5) using the same method and 
procedure as those for the DSEA and RSEA. The formulation of the DSET and RSET are:   
 
TTTT  sinDSE 00                  (4.21)  
 
   
 
0 0
0 0
sin 2 cos cos 1
RSE
2
2 cos cos
2
T T T
tT T T
T T T T t
cm
T
T
     
   
     
     
   (4.22) 
where tT  is the period corresponding to the tensile stress portion. Substituting Equations 
4.21 and 4.22 into Equations 3.21 and 3.22, respectively, gives:  
0 0DSE sin
A T T T                    (4.23)  
 
   
 
0 0
0 0
sin 2 cos cos 1
RSE
2
2 cos cos
2
T T T
tA T T
T T T T t
cm
T
T
     
   
     
     
   (4.24) 
Combining Equations 4.23 and 4.24 by dividing the left side and right side of two 
equations, respectively, gives: 
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   
 
0
0
0
sinDSE
RSE sin 2 cos cos 1
2
2 cos cos
2
T TA
A T T T
tT
T T T t
cm
T
T
 
    
  
                 
   (4.25) 
Equation 4.25 has the simulation parameters 0
T  and Tcm , so substitute Equations 4.19 
and 4.20 into Equation 4.25: 
 
 
     
 
0 0
0 0
0 0
sinDSE
RSE sin 2 cos cos 1
2
2 cos cos
2
TA
t c
A T T T
t
t c
T t
t c st cm
T
T
   
     
    
                    
 (4.26) 
In Equation 4.26, DSEA, RSEA, 0t , 0c , st , cm , and tT  are all apparent 
measurements from the RDT test, so T  is the only unknown variable in this equation. 
The Solver function in Excel is used to solve for T  by Equation 4.26. 
After determining T , Equation 4.27 is used to determine *TE . Based on 
Equation 4.7, *0 0
T T TE  , which is substituted into Equation 4.23 to obtain: 
 
T
T
T
TA
E
 sinDSE
*
0
0                  (4.27)  
Solving for TE *  from Equation 4.27 gives: 
 
 
A
TT
TE
DSE
sin20*           (4.28)  
In Equation 4.28, 0
T  is calculated by Equation 4.19 and T  is provided by Equation  
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4.26. Equations 4.26 and 4.28 are applied to the nondestructive RDT test at the threshold 
loading and destructive RDT test to determine the true critical nonlinear viscoelastic 
properties and destructive true material properties, respectively.  
The true critical nonlinear viscoelastic properties, *TNLVEE  and 
T
NLVE , are 
determined using the test data from the controlled-strain RDT test at 60 µε. The 
procedure is as follows: 
1) Calculate TNLVE  of the test specimen using Equation 4.26; 
2) Calculate 0
T  using Equation 4.19, in which cS A  equals the air void content;  
3) Calculate *TNLVEE  using Equation 4.28 with determined 
T
NLVE  and 0T .  
The calculated values of TNLVE  and *TNLVEE  are presented in Table 4.1. The apparent  
critical nonlinear viscoelastic properties are also given in Table 4.1. It shows that the  
true material properties are different from the apparent properties.  
Table 4.1 Material Properties in Nondestructive and Destructive RDT Tests 
Nondestructive Test at Threshold 
Loading  Destructive Test 
True Apparent True  Apparent  (1st loading cycle) 
 
( )
T
NLVE
  28.06 
( )tNLVE   27.59 
( )
T
  38.47 
( )t   37.24 
 * MPatNLVEE
 
4912 
* (MPa)tE
 
3161 
*  
(MPa)
T
NLVEE  5315 
( )qcNLVE   30.08 *
(MPa)
TE
 3634 
( )qc   42.47 
* (MPa)qcNLVEE
 
4076 
* (MPa)qcE
 
3025 
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 The same procedure is applied to the controlled-strain RDT test at 200 µε to 
determine the destructive true material properties. However, the determination of 0
T  is 
different since cS  is unknown in the destructive test. The above procedure of calculating 
0
T  is modified in the following way: 
 Calculate the simulation parameters for the apparent stress as shown in Equations 
2.15 and 2.17 for every loading cycles, which are 0t  and 0c ; 
 Plot 0t  and 0c  versus the number of loading cycles through the entire 
destructive test, respectively. Fit the plotted curve using a best-fit function; then 
extrapolate the fitted curve to intersect with the vertical axis to determine the 
value when the number of loading cycle is zero. Such values are defined as the 
simulation parameters for the apparent stress at the beginning of the test, denoted 
0
0t  and 00c . An example of 0t  in the destructive test is shown in Figure 4.1. A 
power function is fitted to the curve of 0t  versus the number of loading cycles 
N  using the software MATLAB: 
0.244 2
0 8.988 304.6,           0.9945t N R           (4.29)  
If the fitted curve is extrapolated as shown by the dotted curve, it will intersect 
with the vertical axis at 00t , which is 304.6 kPa. 
 Substitute 00t  and 00c  into Equation 4.19 to calculate 0T  at the beginning of the 
test. Since 00t  and 00c  are determined at the beginning of the test, the specimen  
is not damaged so the value of cS A  still equals the air void content.  
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Figure 4.1 Apparent Tensile Stress Amplitude in Destructive RDT Test 
The calculated values of T  and *TE  in the destructive test are presented in Table 4.1, 
and the apparent material properties at the 1st loading cycle of the destructive are shown 
as well for comparison. The true destructive material properties are also different from 
the true nondestructive material properties.    
 Based on the determined simulation parameters for the apparent stress in the 
nondestructive test and the determined true nondestructive material properties, the 
hysteresis loops can be produced to illustrate the difference between the true stress/strain 
and the apparent stress/strain, as shown in Figure 4.2. The true stress-true strain 
hysteresis loop is slightly larger than the apparent stress-strain hysteresis loop. As the 
loading cycle increases (e.g. 1st to 100th), the shape and area of both loops do not change.  
0
0t
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(a) 1st Loading Cycle                                       (b) 100th Loading Cycle 
Figure 4.2 Apparent and True Hysteresis Loop in Nondestructive RDT Test 
4.2.3 Determination of Simulation Parameters in Damaged Asphalt Mixtures 
After determining the true stress/strain in nondestructive tests and the true 
material properties in nondestructive/destructive tests, this subsection further determines 
the true stress/true strain in a damaged asphalt mixture specimen in destructive tests. The 
DPSE balance equation (Equation 3.23) is proposed to solve for the true stress in the 
destructive RDT test. Firstly, the DPSET is calculated by integrating T  and TR  as: 
  0 0DPSE sinT T T T TNLVE                     (4.30)  
Substitute for 0
T  by Equation 4.7 to obtain: 
    TNLVETTTT E   sinDPSE *
2
0       (4.31)  
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in which TNLVE  and *TNLVEE  are the nondestructive true material properties determined 
above in Table 4.1; T  and *TE  are the destructive true material properties determined 
above in Table 4.1. Substituting Equation 4.31 into Equation 3.23, gives: 
     TNLVETTTA E   sinDPSE *
2
0
                 (4.32) 
Solving for 0
T  from Equation 4.32 gives: 
  
*
0
DPSE
sin
A T
T
T T
NLVE
E               (4.33) 
The other simulation parameter, Tcm , is determined from the ratio of Tcm  to 0T , which  
is calculated by combining Equations 4.19 and 4.20 in the following way: 
 
0 0 0
T
cm st cm
T
t c
  
  
          (4.34) 
 Based on the determined 0
T  and Tcm  for the true stress and the destructive true 
material properties, the hysteresis loops in the destructive test can be produced as shown 
in Figure 4.3. The true stress-true strain hysteresis loop is larger than the stress-strain 
hysteresis loop; this difference becomes much more distinct as the loading cycles 
increase to 250. Furthermore, the stress-strain hysteresis loop becomes smaller from 1st 
to 250th cycle; however, the true stress-true strain hysteresis loop becomes larger. To 
better explain this phenomenon, the true and apparent stress amplitudes are plotted 
versus the number of loading cycles for the destructive test, which is shown in Figure 4.4.  
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(a) 1st Loading Cycle                                     (b) 250th Loading Cycle 
Figure 4.3 Apparent and True Hysteresis Loop in Destructive RDT Test 
Two observations are made from Figure 4.4: 
1) 0
T  is larger than 0t  and 0c  at the same loading cycle; and 
2) 0
T  increases whereas 0t  and 0c  decrease with the increase of loading cycles.  
The first observation is explained by the fact that the area of the intact material 
sustaining the true stress is smaller than the entire cross sectional area that is used to 
calculate the apparent stress. To satisfy the force equilibrium, the true stress must be 
larger than the apparent stress. In the second observation, the decrease of 0t  and 0c  
represents the reduction of the modulus in the controlled-strain RDT test. This conforms 
to the common explanation for the effect of cracking damage: the degradation of 
material stiffness. However, the stiffness is a material property, which should not change 
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as loading cycles increase. That is the reason for introducing the true measure of 
cracking damage: the cracks, which affect the true stress/strain; and the intact material, 
whose material properties (destructive true material properties) do not change through a  
destructive test.  
 
 
Figure 4.4 Stress Amplitudes in Destructive RDT Test 
 The influence of the crack damaging on the true stress/true strain is explained by 
the fact of the change of geometry of the cracks, which is schematically shown in Figure 
4.4. The initial cracks, or the air voids in the asphalt mixture specimen are approximately 
elliptical holes with shorter minor axis relative to the major axis. As the air voids grow 
to the 250th cycle, the major axis increases greatly to form the “new crack”, when the air 
Initial crack
New crack
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voids begin to take on the appearance of a real crack: two surfaces meeting at a very 
sharp edge at the crack tip. During the process of crack growth, the stress concentration 
in the intact material is aggravated significantly at the crack tip due to the change of 
geometry of the crack according to Inglis’ stress concentration analysis (Inglis 1913). 
Since the material properties of the intact material do not change as cracks grow, the 
strain in the intact material increases correspondingly. As a result, the actual effect of 
crack damaging is the aggravation of the true stress/true strain localization.  
On the other hand, the aggravation of true stress localization promotes the crack 
growth in asphalt mixtures. Paris and Sih (1965) pointed out that the stress concentration 
near the tip of a crack most likely initiated the growth of the crack. Other researchers 
also proved that the high local stress and strain concentration would dominate the fatigue 
failure process (Li and Metcalf 2004; Wang et al. 2007). Therefore, the complete 
description of the relationship between the crack growth and the true stress/true strain is: 
the true stress/true strain localization is the cause for the crack growth; then the growth 
of cracks further enhances the severity of the true stress/true strain localization. 
Compared to a phenomenological description by the apparent stress/apparent strain, the 
true stress/true strain reveals the essence of crack growth and should be used to model 
the crack growth in an asphalt mixture, which is described in Section 4.3.  
 
4.3  Determination of Damage Density and Average Crack Size 
4.3.1  Determination of Damage Density 
Damage density is an index that describes the extent of cracking damage in an  
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asphalt mixture specimen. Since the cracks grow on a basis of the air voids in the 
asphalt mixture specimen, the damage density can be expressed in the following way: 
   0          (4.35) 
where   is the damage density; 0  is the initial damage density, which equals the air 
void content; and   is the increase of the damage density due to the crack growth, 
which is calculated in the following way: 
 
% % % %m m m
D A VD D V
A V
           (4.36) 
in which %D  is the percentage of cracking damage on a cross section of the asphalt 
mixture specimen; mA  is the area of the asphalt mastic on the cross section of the 
specimen. The value of mAD %  represents the increased area of the cracks on the cross 
section due to the crack growth in the asphalt mastic. mV  and V  is the volume of the 
asphalt mastic and asphalt specimen, respectively; and %mV  is the volumetric 
percentage of the asphalt mastic that is determined from the volumetric analysis and 
aggregate gradation of the mixture design.  
The cracking damage on a cross section of the specimen cannot be measured 
directly; instead, it is inferred from the force equilibrium equation by solving ASc  
from Equation 4.19: 
 
 
T
ctc
A
SD
0
00 21% 
         (4.37) 
Substitute Equations 4.36 and 4.37 into 4.35 to obtain the damage density as follows: 
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 0 0
0
0
2
1 %t c mT V
   
     
       (4.38) 
Figure 4.5 shows the damage density of a number of representative loading cycles 
calculated by Equation 4.38 in the destructive test. At the end of the 1,000 cycles,   is 
about 4.4%; the total damage density is 8.2% by adding   to 0  (3.8%). There is a 
rapid increase of the damage density at the beginning of the test; then the rate of the 
change of the damage density decreases as the loading cycles increase. The evolution of 
the damage density with the increase of the number of loading cycle N  is modeled by a 
power function using MATLAB:  
 0.310 20.536 3.790,         0.989N R           (4.39) 
 
 
Figure 4.5 Damage Density in Destructive RDT Test 
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4.3.2  Determination of Fracture Coefficients 
Application of the damage density into the Paris’ Law can address its 
shortcoming that only describes the growth of one crack. The Paris’ Law is thus 
modified in the following way: 
 
 nRd A JdN
            (4.40)  
where d dN  represents the evolution of the damage density of an asphalt mixture 
specimen per cycle; A  and n  are fracture coefficients associated with the evolution of 
the damage density; and RJ  is the pseudo J integral that is calculated based on the 
pseudo strain energy and used to model crack growth in asphalt mixtures (Masad et al. 
2007; Si et al. 2002; Walubita et al. 2006).  
 In contrast to the traditional experimental methods of measuring the fracture 
coefficients, A  and n  can be determined using the damage density calculated above. 
Firstly, calculate RJ  using the DPSE as shown in Equation 4.41: 
 
DPSE
DPSE
(crack surface area)(crack surface area)R
NJ
N

   

   (4.41) 
“Crack surface area” refers to the area of the crack surfaces on a cross section of the 
specimen, so it is calculated using the damage density multiplied by the cross sectional 
area A : 
 
 
crack surface area 2 A        (4.42) 
in which the factor “2” is needed since each crack has two surfaces. DPSE N    
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represents the rate of change of the DPSE as the loading cycles increase, which is 
obtained by simulating the curve of the DPSE versus the number of loading cycles as: 
 
DPSE dcN   (4.43) 
where c  and d  are regression coefficients for the DPSE. Substitute Equations 4.41, 4.42 
and 4.43 into Equation 4.40 to obtain: 
 
 
1
2
n
dd cdNA ddN A
dN



      
          (4.44)  
Arrange Equation 4.44 in the following way: 
 
 11 1
1 1
2
n
n d
n
n ncdd A N dN
A

                   (4.45)  
Integrate Equation 4.45 on the both sides: the left side from 0  to  ; the right side from 
the corresponding cycle zero to cycle N  as: 
  
 
 
0
11 1
1 1
0 2
n
n d
nN
n ncdd A N dN
A

 
                    (4.46)  
Integration of Equation 4.46 yields the following expression for  : 
  
 
1 11
1 1
0
1
2 1
n
dnn
n ncd nA N
A dn
 
                          (4.47)  
On the other hand, the damage density is calculated from the destructive RDT 
test as shown in Equation 4.39. A general form of Equation 4.39 is defined as: 
 baN c              (4.48) 
where a , b , and c  are regression coefficients for the damage density. Comparing  
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Equation 4.47 with 4.48, gives: 
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0c            (4.51)  
As a result, n  is solved from Equation 4.50 and A  is solved from Equation 4.49 as: 
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Using the damage density plotted in Figure 4.5 and the regression values in Equation 
4.39, the fracture coefficients associated with the damage density are: 
4.46n  ; 142.27 10A    .  
4.3.3  Determination of Average Crack Size and Number of Cracks 
 The damage density and fracture coefficients determined above describe the cracking 
damage of an asphalt mixture on a macro scale. This subsection continues to solve for 
the average crack size and number of cracks in a damaged asphalt mixture specimen. 
“Average” means that the crack size calculated here is the mean value of the size of all 
cracks on a cross section of the specimen. The crack size follows a Weibull distribution. 
The ability to measure this distribution is important for modeling aging and moisture 
damage in asphalt mixtures (Luo and Lytton 2011). In order to determine the parameters 
of the Weibull distribution model, the average crack size must be obtained first.  
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 The average crack size is determined using the RPSE balance equation based on 
the destructive RDT test data. The RPSE balance equation (Equation 3.24) is applied to 
every loading cycle of the RDT test: Ic  is the average crack size at the current loading 
cycle: Nc  is the average crack size at the next loading cycle. The crack growth from the 
current cycle to the next cycle is an increment N Ic c . Denote the number of loading 
cycle i  ( 1, 2,...1000i  ) and Equation 14 can be rewritten as: 
 2112312132 23232RPSERPSERPSE    iiiiiiiiTimTimAi cMcMcMcMVV 
           
(4.54) 
in which RPSETi  is calculated by integrating 
T  and TR  and the result is as follows: 
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   (4.55) 
The number of cracks at the ith cycle iM  and the number of cracks at (i-1)
th cycle 1iM   
has the following relationship with ic  and 1ic  , respectively: 
 2i i iM c A           (4.56) 
 21 1 1i i iM c A            (4.57) 
in which i  and 1i   are the damage density at ith and (i-1)th cycle, respectively. As a  
result, the only independent variables in Equation 4.54 are ic  and 1ic  . The procedures  
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of solving for ic  and 1ic   are detailed as follows. 
1) Derive the cumulative RPSE balance equation to estimate ic   
The cumulative RPSE balance equation is derived by summing up Equation 4.54 from 
1i   to i N  as follows: 




































2
11
22
22
2
11
2
22
2
33
2
11
2
22
2
00
2
11
3
1
2
1
32
3
2
2
21
3
1
2
11
3
2
2
23
3
3
2
33
3
1
2
12
3
2
2
22
3
0
2
01
3
1
2
11
N
1
N
1
2
RPSE
3
2RPSE
3
2
RPSE
3
2RPSE
3
2
RPSE
3
2RPSE
3
2
RPSE
3
2RPSE
3
2
RPSE
3
2RPSE
3
2
RPSERPSE
NNNNNNNN
NN
T
NNN
T
N
NN
T
NNN
T
N
TT
TT
TT
i
m
T
i
i
m
A
i
cMcMcMcM
cMcMcMcMcMcM
cMcM
cMcM
cMcM
cMcM
cMcM
VV







 
 
(4.58) 
in which 0c  is the initial average crack size, or average air void size. Assume RPSETi  in 
two adjacent cycles are the same, i.e. 1RPSE RPSE
T T
i i . Then Equation 4.58 reduces to: 
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(4.59) 
In this step temporarily assume 0c  to be zero so Equation 4.59 further reduces to:    
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Since 2N N NM c A  , Equation 4.60 becomes: 
N N
1 1
2RPSE RPSE RPSE 2
3
A T T
i m i m N N N N
i i
V V Ac A  
 
   
 
  
(4.61) 
Substitute Equation 4.38 into Equation 4.61 to obtain: 
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(4.62) 
Furthermore, substitute Equation 3.25, tAV mm  , into Equation 4.62 and divide mA  over 
both sides of the equation, yielding: 
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(4.63) 
Since %m mA V A , Equation 4.63 is simplified to: 
 
 
N N
1 1
0 , 0 ,0
0,
0 , 0 ,0
0,
RPSE RPSE
22 RPSE 1
3 %
2
2 1
%
A T
i i
i i
t N c NT
N NT
m N
t N c N
T
m N
t t
c
V
V
 

  
 

      
      
 
    
(4.64) 
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Solve for Nc  from Equation 4.64 to obtain: 
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(4.65) 
Based on Equation 4.65, Nc  is calculated for a number of loading cycles in the 
destructive RDT test, which is shown in Figure 6 and labeled by “first estimation”. For 
example, 1c  is calculated to be 0.270 mm. It is called “first estimation” because Nc  
calculated in this step is based on two simplifications: 1RPSE RPSE
T T
i i   and 0 0c  . 
2) Calculate 0c  based on the first estimation of Nc  
A best-fit function is fitted to the curve of Nc  versus N  in Figure 4.6, as shown in 
Equation 4.66: 
 20.0032 0.2048,        0.9992Nc N R  
     
(4.66) 
If the best-fit function is extrapolated, it will intersect with the vertical axis at 0c , which 
is 0.205 mm. The values of 0c  and 1c  calculated above will be used as feed values in the 
next step.  
3) Determine accurate value of Nc  using the RPSE balance equation  
The RPSE balance equation stated in Equation 4.54 is modified using the same 
substitutions for Equations 4.61 to 4.64,  which yields a balance equation with only two 
unknown variables ic  and 1ic   as shown in Equation 4.67:  
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Equation 4.67 is solved for every loading cycle of the destructive test to obtain ic , from i 
= 1 to 1,000. The procedure is as follows: 
 For the 1st loading cycle, 0c  and 1c  based on the first estimation 
( 0 0.205 mmc  , 1 0.270 mmc  ), are fed into Equation 4.67. The Solver 
function in Excel is then used to solve for the new values of 0c  and 1c , so the left 
side and right side of the equation can be balanced. The new values are: 
0 0.226 mmc  , and 1 0.241 mmc  . The feed values of 0c  and 1c  are required 
in order to get the accurate solution for them through Equation 4.67.  
 The determined 1c  is fed into Equation 4.67 for the 2nd loading cycle. Now 2c  is 
the only unknown variable, which is obtained by solving Equation 4.67.  
 The determined 2c  is fed into Equation 4.67 for 3rd loading cycle to solve for 3c .     
This calculation is repeated for every loading cycle till the last cycle of the RDT test. It 
is conducted automatically by the Macro program that is designed and embedded in the 
100 
 
Excel. The result is shown in Figure 4.6, labeled “second estimation”. There are no 
assumptions or simplifications for the second estimation, so it is the final result for the  
average crack size.  
 
Figure 4.6 Average Crack Size in Destructive RDT Test 
4) Calculate the number of cracks based on the determined average crack size 
Once the average crack size in ith loading cycle, ic , is determined, the number of cracks 
in the corresponding cycle, iM , can be calculated by solving iM  from Equation 4.68 as: 
 2
i
i
i
AM
c

          (4.68) 
For example, substitute 0 3.8% (air void content)   and 0 0.226 mmc  into Equation  
4.68 to obtain 0 1916M  , which is the number of air voids in the asphalt mixture  
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specimen before it is damaged. A plot of iM  versus the number of loading cycles is 
shown in Figure 4.7. The result suggests that the number of cracks starts from the 
number of air voids, gains a rapid increase and reaches its peak value in the early stage 
of the test. After that the number of cracks decreases quickly until only 10 to 20 remain 
at the end of the test. This indicates a process of creating more and more hair-like cracks 
in the early stage of loading. As the loading cycle increases, these hair-like cracks grow 
and their size increases. When the size increases to a certain value, the hair-like cracks 
start to merge with each other. In other words, coalescence of adjacent cracks occurs, so 
the number of cracks starts to decrease. As the cracks continue to grow and coalesce  
with the increase of loading cycles, the number of cracks continues to decrease.  
 
Figure 4.7 Number of Cracks in Destructive RDT Test 
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5) Compare the calculated average crack size and number of cracks to those 
measured by the X-ray Computed Tomography (X-ray CT) 
In order to justify the average crack size and number of cracks calculated above, they are 
compared to those measured by the X-ray CT system. The X-ray CT system has been 
used to measure the air void size and the internal structure of an asphalt mixture 
(Arambula et al. 2007; Masad et al. 1999). The same asphalt mixture specimen is 
subjected to the X-ray CT measurement before the nondestructive and destructive RDT 
tests. Details of the test procedure and analysis method of the X-ray CT system can be 
found in the relevant literature (Arambula et al. 2007). The result of the X-ray CT 
analysis is: 0 0.428 mmc   and 0 535M  .  
 Compared to the values calculated above, which are 0 0.226 mmc   and 
0 1916M  , the average air void size derived from the X-ray CT is much larger and the 
number of cracks is much smaller. This is because the results from the X-ray CT are 
flawed by two critical parameters: the image resolution and the threshold gray intensity. 
The image resolution determines the minimum crack size that can be detected by the X-
ray CT system. It is usually around 0.2 mm/pixel. Therefore, the cracks whose size is 
smaller than 0.2 mm can not be detected by the X-ray CT system, which eliminates a lot 
of small cracks in the X-ray CT images. In addition to the measurement error, the 
analysis of the X-ray CT images also introduces errors due to the selection of the 
threshold gray intensity. The threshold gray intensity is used to differentiate the cracks 
from the asphalt binder and aggregates. Its selection usually depends on experience, 
which causes errors in identifying the percentage of cracks in the X-ray CT images.  
103 
 
These limits associated with the X-ray CT system lead to a considerable 
underestimation of the number of air voids and an overestimation of the average air void 
size for an undamaged asphalt mixture specimen. Furthermore, another critical problem 
associated with the X-ray CT system is its limitation in damage detection for asphalt 
mixtures. The X-ray CT measurement takes about 3 to 4 hours for a specimen 150 mm 
high and 100 mm in diameter. During this period, considerable healing (crack closure) 
occurs in the damaged asphalt mixture specimen, so the cracks measured by the X-ray 
CT system are far less than the damage originally generated in the specimen. 
Consequently, the X-ray CT is not capable of measuring the crack growth of asphalt 
mixtures under destructive loading. In this aspect, the approach proposed above has the 
advantage of determining the average crack size for every loading cycle of the 
destructive test.  
 
4.4  Separation of DPSE for Fatigue Cracking and DPSE for Permanent 
Deformation 
After solving the RPSE balance equation, the DPSE for fatigue cracking and 
DPSE for permanent deformation can be determined as formulated in Equations 3.29 
and 3.30. The result of DPSEc  and DPSE p  is shown in Figure 4.8. The DPSE for 
fatigue cracking starts from zero and increases with the development of fatigue cracking 
as the loading cycle increases. The DPSE for permanent deformation is larger than the 
DPSE for fatigue cracking, and it does not start from zero. This is because fatigue 
cracking in the asphalt mixture specimen is initiated by the localized plastic deformation 
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surrounding the cracks. A large amount of energy must be expended first as the plastic 
work so that the material separation can occur and the fracture process zone can advance  
to form new cracks.  
 
Figure 4.8 DPSE for Fatigue Cracking and DPSE for Permanent Deformation in  
Destructive RDT Test 
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5. CHARACTERIZATION OF RECOVERY PROPERTIES OF ASPHALT 
MIXTURES  
 
5.1  Background of Characterization of Recovery Properties  
Recovery of an asphalt mixture refers to the behavior of a deformed material 
after the load is removed. Before removing the load, the asphalt mixture undergoes a 
deforming process, in which cracking and permanent deformation are generated in the 
material if the load is destructive. Development of cracks produces alligator cracking 
and accumulation of permanent deformation results in rutting, which are two major 
distresses in asphalt pavements. Most existing researches studying damage 
characterization and prediction in asphalt pavements focus on how to reduce cracking 
and permanent deformation during the loading phase, while much less attention is paid 
to the unloading phase. As a matter of fact, the recovery of asphalt mixtures contributes 
to the damage characterization and prediction as well. During the recovery phase, the 
cracks generated during the loading phase start to heal. As a counter effect to cracking, 
healing alleviates cracking damage, so it affects the accuracy in predicting the remaining 
cracks in asphalt mixtures. On the other hand, an asphalt pavement that has better 
recovery ability leaves less deformation in the asphalt layer, so the occurrence of 
excessive deformation which produces permanent deformation less under repetitive 
traffic loading. Rutting is thus reduced, especially for asphalt pavements under high 
frequency traffic. A number of State Departments of Transportation have adopted this 
idea, and used the elastic recovery test as complement to examine the rutting resistance 
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of asphalt materials (Shenoy 2007). In addition to the elastic recovery test, the creep 
recovery test has also been used to evaluate the rutting resistance of non-modified and 
modified bitumen (Manuel 2010). 
The elastic recovery test characterizes the recovery of asphalt materials. It 
examines the ability of an asphalt material to recover by a ductilometer following the 
procedure as documented in American Association of State Highway and Transportation 
Officials (AASHTO) T301-99 (AASHTO 2003) or American Society of Testing 
Materials (ASTM) D6084 (ASTM 2005). In this test, a briquet specimen is pulled apart 
till it reaches a specified elongation of 20 cm (AASHTO 2003) or 10 cm (ASTM 2005). 
The specimen is then severed at the center and allowed to recover without disturbance 
for an hour. At the end of one hour, rejoin the two halves and measure the elongation of 
recovered specimen. The ability of the material to recovery is described as the 
percentage of recovered length to the specified 20 cm or 10 cm. The elastic recovery test 
appears to be simple, but it actually requires elaboration on sample preparation and 
testing. Moreover, the result is not very accurate and often fails to discriminate the 
behaviors between different asphalt binders (Shenoy 2007). To fulfill the objective of the 
elastic recovery test and avoid the associated problems, Shenoy (2007) proposed a 
dynamic test using the dynamic shear rheometer (DSR). In a dynamic oscillatory test, 
the modulus is a complex number, defined as the complex modulus, including two 
components: the storage modulus and the loss modulus. The proportion of the storage 
modulus to the complex modulus is used as a measure of the recovery ability of the 
asphalt material. However, the storage modulus does not represent the total recovery of 
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an asphalt mixture. An asphalt mixture has an elastic response that instantaneously 
recovers upon load removal. It also exhibits considerable delayed elastic response 
(viscoelastic response), which non-instantaneously recovers (time-dependent) and is 
completely recoverable given sufficient time. The elastic and viscoelastic responses 
constitute the total recovery response of the asphalt mixture. From the viewpoint of the 
complex modulus, the elastic response and a portion of the viscoelastic response are 
contained in the storage modulus; the other portion of the viscoelastic response is 
contained in the loss modulus (Anderson et al. 1994). Therefore, measuring the storage 
modulus with a dynamic oscillatory apparatus is not an appropriate method to 
characterize the recovery of asphalt mixtures.    
The creep recovery test is another method to characterize the recovery of 
viscoelastic materials. The recovery behavior of the viscoelastic material is recorded in 
the recovery phase of the test. Creep recovery compliance is defined as a measure of 
such behavior (Mezger 2006). 
   
0
r
r
t
J t

              (5.1) 
where  rJ t  is the creep recovery compliance;  r t  is the recovered strain in the 
recovery phase, which is the difference between the maximum strain at the end of the 
creep phase and the remaining deformation in the recovery phase; and 0  is the applied 
stress in the creep phase. Defined using 0 ,  rJ t  can only act as a material parameter 
that quantitatively describes how the material behaves after removing the load; it is not a 
material property because the recovery response is not stimulated by 0 . The actual 
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driven force for the recovery response should be the force existing in the recovery phase. 
Since no external load remains, this driven force is provided by the material itself, which 
is defined as internal force or internal stress. As a result, in order to obtain the material 
properties in the recovery phase, the internal stress must be determined first during the 
recovery of asphalt mixtures. 
The internal stress has been studied by many researchers for metals and polymers 
using the creep recovery test (Ahlquist and Nix 1971; Mindel and Brown 1973; 
Pahutova et al. 1979; Kubat et al. 1975; Fotheringham and Cherry 1978; Teoh et al. 
1987; Raghavan and Meshii 1994). In the loading phase of the creep recovery test on a 
metal or polymer, the creep strain is partitioned into two parts: recoverable part 
(including elastic component and time-dependent component) and plastic part. 
Accordingly, the applied creep stress is decomposed to two components, as shown in 
Equation 5.2:   
 i e   
  
(5.2) 
where   is the applied creep stress; i  is the internal stress, or the recovery stress, 
responsible for the recoverable strain that restores the deformed material into its original 
state; and e  is the effective stress, responsible for the plastic strain that results in the 
activated rate process of plastic deformation. According to this partition and definition, 
the positive creep strain rate is explained as being caused by a positive e  since   is 
much larger than i  in the loading phase. When   becomes zero in the recovery phase, 
the rate of recovery is only governed by i , which is proportional to the unrecovered 
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strain (Mindel and Brown 1973, 1974). These studies define and measure the internal 
stress in the loading phase of the creep recovery test, aiming at explaining the 
deformation mechanism of a metal or polymer under the load. In order study the 
recovery behavior of an asphalt mixture when it is unloaded, the internal stress of the 
asphalt mixture in the recovery phase must be measured.  
 The objective of Section 5 is to design a test to measure the internal stress of an 
asphalt mixture in the recovery phase and uses the internal stress to characterize the 
recovery properties of the asphalt mixture. The principle of measurement of the internal 
stress is first introduced as follows.  
 
5.2  Principle of Measurement of Internal Stress 
In the current literature, there are three common techniques to measure the 
internal stress as summarized by Teoh (1987), including: 1) the strain transient dip test 
used in the creep test (Ahlquist and Nix 1971; Pahutova et al. 1979; Raghavan and 
Meshii 1994; Teoh et al. 1987); 2) the stress transient dip test used in constant strain rate 
test (Fotheringham and Cherry 1978); and 3) stress relaxation methods used in the 
relaxation test (Kubat et al. 1975). The strain transient dip test is relevant to this study, 
so it is described in detail here.  
5.2.1  Strain Transient Dip Test 
The strain transient dip test is designed based on the creep test to measure the 
internal stress in the loading phase. A schematic sketch of the strain transient dip test is 
shown in Figure 5.1. The creep load is interrupted by a continuous step-load reduction, 
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which is indicated by 1 , 2 , and 3 , respectively. Change of the creep load 
results in the change of the effective stress in the material, which further causes the 
change of the creep strain rate. To demonstrate this change, the effective stress in the 
strain transient dip test is calculated by modifying Equation 5.2 as follows:  
        1,2,3e k i k      
  
(5.3) 
where k  is the magnitude of the load reduction, 1,2,3k  . After a load reduction, one 
of the three conditions may happen: 
  1  so 0i e      : the material continues to deform in the same direction 
as the creep strain  , as indicated by 0   in Figure 5.1; 
  2  so 0i e      : no further deformation occurs and   remains constant, 
as indicated by 0  ; 
  3  so 0i e      : the material deforms in the opposite direction, as 
indicated by 0  .  
The second condition where 0   enables the internal stress to be measured as 
2i     . In general, the load reduction that produces a zero creep strain rate 
condition gives the internal stress in the loading phase. Following this idea, the internal 
stress in the recovery phase can be obtained by modifying the creep recovery test, which  
is introduced as follows.  
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Figure 5.1 Schematic of Strain Transient Dip Test 
5.2.2  Creep and Step-Loading Recovery Test  
An asphalt mixture specimen in the creep recovery test is shown in Figure 5.2. 
Under the creep load, the creep strain is induced and the asphalt mixture specimen is 
stretched as shown from point A  to point B . When the creep load is removed at 0t , the 
asphalt mixture specimen starts to recover. The recovered deformation is defined as 
recovery strain; the remaining deformation is defined as residual strain. The recovery 
process is driven by the internal stress, which is represented by a group of arrows as 
shown at points C , D , and E . According to the principle of measurement of the 
internal stress described above, the condition of zero residual strain rate is required to 
measure the internal stress. Since the internal stress is the only force in the recovery 
phase, an external load must be added in the opposite direction to achieve this condition, 
0  
0  0  
1  
2  
3  
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as illustrated by an arrow at point D . Once the zero residual strain rate is produced, the 
added external load is equal to the internal stress of the asphalt mixture.  
 The external load is added by three steps in an increased order as shown in 
Figure 5.2, indicated by 1 , 2 , and 3 , respectively. The corresponding change of the 
residual strain is measured in order to search for the point with zero residual strain rate. 
The rate of the residual strain is originally less than zero with only the presence of the 
internal stress. After adding the three step-loading at 1t , one of the three conditions may 
happen: 
 0   at 1 : 1 i  ; 
 0   at 2 : 2 i  ; 
 0   at 3 : 3 i  .  
As a result, the internal stress at 1t  equals 2 . Similarly, the internal stress at other times 
can be obtained by adding another step-load at the corresponding point. Such creep 
recovery test incorporated with several step-loads in the recovery phase is termed creep 
and step-loading recovery (CSR) test in this study. Section 5.3 presents an elaborate 
description pertaining to the design of this test in order to measure the internal stress at 
different time points to characterize the recovery properties of asphalt mixtures.       
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Figure 5.2 Schematic of Creep and Step-Loading Recovery Test 
5.3  Configurations and Procedures of Creep and Step-Loading Recovery Test 
Section 5.3 first discusses the principles in designing a CSR test in order to 
measure the internal stress at different time points. Then the materials and test 
procedures are presented to acquire adequate data to verify the accuracy of the test and 
determine the recovery properties.  
5.3.1  Principles of Test Design 
Design of a CSR test should consider several aspects, including: 1) the loading  
0  0  0  
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duration and loading rate of the creep load in the creep phase and those of the step-load 
in the recovery phase; 2) the number of step-loads in the recovery phase and the number 
of steps in each step-load; 3) the position of each step-load in the recovery phase; and 4) 
the value of each step of every step-load in the recovery phase. They are discussed in 
sequence as follows.   
1) Loading duration and loading rate of creep load and step-load 
Selecting the loading duration for the creep load in the creep phase is simple, 
which only needs to satisfy the condition of enough data to determine the creep 
compliance. In this study, the loading duration for the creep load is chosen to be 40 sec. 
Selecting the loading duration for the step-load in the recovery phase is more complex: it 
should ensure less distrubance to the recovery of the asphalt mixture specimen, which 
requires smaller time duration; meantime, the loading duration of the step-load needs to 
be long enough in order to accurately determine the residual strain rate corresponding to 
the step-load. To satisfy the both conditions, the time duration of the step-load is 
selected to be 2 sec.  
The loading duration reflects the length of holding the creep load or step-load at 
the given level. However, the load cannot instantaneously reach the given level; instead, 
it must be applied through a ramp as shown in Figure 5.3. The time required to increase 
the load from zero to the given level, or from the given level back to zero, is referred to 
the loading rate. To reduce the error caused by the ramp in analyzing the creep and 
recovery data, the loading duration should be as least ten times larger than the loading 
rate (Turner 1973). Therefore, it is better to choose smaller loading rate, but it should 
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also consider the feasibility of the testing machine. In this study, the loading time of the 
creep load ramp is selected to be 1 sec, and the loading time of the step-load ramp in the 
recovery phase is 0.1 sec, as shown in Figure 5.3.  
2) Number of step-loads and number of steps in each step-load 
The number of step-loads in the recovery phase decides the number of points at 
which the internal stress is measured. Selection of this number depends on three 
considerations. Firstly, the time duration of the recovery phase of the asphalt mixture 
specimen influences the number of step-loads that can be added to the recovery phase. In 
the nondestructive tests, which are conducted at low loading levels, instinctively, the 
internal stress in the undamaged asphalt mixture specimen is also low and diminishes 
very quickly. The time duration of the nondestructive test is thus short. In contrast, the 
time duration of the destructive test is relatively much longer, which allows more step-
loads to be added in the recovery phase. The second consideration arises from the need 
of adequate data to simulate an accurate continuous curve of the internal stress versus 
time. To satisfy this need, more measured points for the internal stress should be added 
to the recovery phase. However, excessive measured points will lead to intense 
interruption to the recovery of the specimen. Based on these considerations, it has been 
tested and proven that five step-loads are suitable for the nondestructive test; seven step-
loads are appropriate for the destructive test, as shown in Figure 5.3.  
After selecting the number of step-loads for both nondestructive and destructive 
tests, the number of steps in each step-load is considered to further reduce the 
interruption to the specimen by adding step-loads. The number of steps in each step-load 
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indicates the time duration for measuring the internal stress at one measurement point. 
For example, there are three steps in the step-load shown in Figure 5.3 at 1t , so the time 
needed to measure the internal stress at 1t  is 6 sec. Usually, three steps in a step-load is 
best for searching for the zero strain rate, so there are three steps in each step-load in the 
destructive test, as shown in Figure 5.3(b). However, considering the short time duration 
of the recovery phase in the nondestructive test, a two-step loading is employed in the 
nondestructive test, which is shown in Figure 5.3(a). Therefore, the time required for 
measuring the internal stress is 4 sec at one measurement point for an undamaged 
asphalt mixture specimen.   
3) Position of each step-load in the recovery phase 
Determination of the position of each step-load in the recovery phase depends on 
the characteristic of the internal stress associated with the residual strain, which is 
inferred from the stress-strain relationship of an undamaged asphalt mixture, as 
expressed in Equation 4 (Findley et al. 1989): 
     
0
t
u t E t d            (5.4) 
where  u t  is the stress in an undamaged asphalt mixture; t  is the loading time;   is 
any arbitrary time between 0 an t ;  E t  is the relaxation modulus of undamaged 
asphalt mixtures; and  t  is any strain history. Equation 4 indicates that a greater 
residual strain rate corresponds to a larger internal stress in the asphalt mixture. The 
residual strain rate is much larger at the beginning of the recovery phase, and decreases 
with time as the recovery of the specimen continues, as indicated by Figure 5.2. 
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Consequently, the internal stress is very large immediately after unloading, and 
diminishes as the residual strain rate decreases with time. For example, the internal stress 
at point C  is larger than that at point D  in Figure 5.2, and the internal stress at point E  
becomes even smaller. The internal stress will vanish eventually if the asphalt mixture 
specimen fully recovers its deformation.  
 According to the characteristic of the internal stress, the position of each step-
load, i.e. where to measure the internal stress, is determined as follows. The first step-
load is set to be 1 sec after the end of the creep phase because the internal stress changes 
quickly at the beginning of the recovery phase, indicating considerable recovery of the 
asphalt mixture specimen. Therefore, it is crucial to measure the internal stress at this 
time so that the initial recovery behavior can be captured. After setting the first step-load, 
the criterion to place sequential step-loads is the rate of the change of the internal stress. 
This rate decreases with time, indicating that more change of the internal stress occurs in 
the short term of the recovery phase, whereas the internal stress changes less in the long 
term of the recovery phase. As a result, more step-loads should be placed in the short 
term than in the long term. In other words, the interval between the two step-loads 
should be smaller in the short term. Consequently, as shown in Figure 5.3, the interval 
between two adjacent step-loads is designed as 5 sec, 5 sec, 10 sec, and 15 sec, 
respectively, for the nondestructive test, and 6 sec, 6 sec, 10 sec, 10 sec, 15 sec, and 15 
sec, respectively, for the destructive test. The duration of the recovery phase in both 
nondestructive and destructive tests is 150 sec.   
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Figure 5.3 Loading Configuration of the Creep and Step-loading Recovery Test 
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4) Value of each step of every step-load  
The last step of designing a CSR test is to determine the value of each step of 
every step-load so as to produce zero residual strain rate in the corresponding residual 
strain. The ideal outcome of a step-load is: for example, 0   for 11  and 0   for 12 , 
or 0   for 11  and 0   for 12  for the first step-load in Figure 5.3(a); 0  for 11 , 
0   for 12 , and 0   for 13  for the first step-load in Figure 5.3(b). This outcome is 
achieved by trial and error.  
According to the testing experience, the trial value of each step is given in Table 
5.1 and can be used as guidance for the first trial on any kind of asphalt mixture 
specimen. The symbol “ ” in Table 5.1 indicates the load of one step in a step-load; the 
number in the second row represents one of the five step-loads in the nondestructive test; 
the number in the sixth row represents one of the seven step-loads in the destructive test; 
and the number in the first column represents one of the steps in a step-load. The load 
“ ” is combined with the number in the second (or sixth) row and the number in the 
first column to produce a step in a step-load. For example,   with “2” from second row 
and “1” from first column corresponds to the first step of the second step-load in the 
nondestructive test, the value of which is 20% of the creep load.   
After the first trial, the residual strain rate measured from test is examined to 
determine whether it conforms to the ideal outcome mentioned above. If it is not, the 
value of the step-load is adjusted, which will be used in the next trial. After examining 
all the step-loads, all the changes required for the next trial are decided, and then the test 
is conducted again with adjusted values. This process is repeated till the result is close to 
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the ideal outcome. For example, if 0   for 21  and 0   for 22  in a nondestructive 
test, the value of 22  needs to be lower for the next trial. Normally, two or three trials 
are enough to produce good outcomes and obtain accurate values of the internal stress at  
all measure points.  
Table 5.1 Trial Values for the Step-load in the First Trial 
  Nondestructive Test  (Creep Load: P1) 
1 2 3 4 5 
1 25% P1 20% P1 12.5% P1 7% P1 3% P1 
2 50% P1 35% P1 25% P1 15% P1 6% P1 
  Destructive Test  (Creep Load: P2) 
1 2 3 4 5 6 7 
1 15% P2 10% P2 7% P2 5% P2 2.5% P2 1.5% P2 1% P2 
2 25% P2 15% P2 12.5% P2 8% P2 7% P2 3% P2 2% P2 
3 35% P2 20% P2 15% P2 12.5% P2 10% P2 6% P2 4% P2 
 
After three trials, if the outcome is still not good enough, a regression method 
used by Teoh (1987) can be applied to avoid more trails. Specifically, for the step-load 
that does not produce a good outcome in the last trial, the corresponding residual strain 
rate is plotted against the value of each step, as shown in Figure 5.4. Then a regression 
model is fitted to the measured data: a linear regression model for two data points in the 
nondestructive test; a best-fit function for three data points in the destructive test.  
The intercept at which the strain rate is zero is taken to be the value of the internal stress.      
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(a)   Nondestructive Test                         (b)  Destructive Test 
Figure 5.4 Regression Method to Determine Internal Stress  
5.3.2  Materials and Procedures  
The CSR test designed above is applied to two types of laboratory mixed and 
laboratory compacted asphalt mixtures in this study. The two kinds of asphalt mixtures 
have the same aggregate and mixture design, but different types of asphalt binder. The 
two asphalt binders are from the Strategic Highway Research Program Materials 
Reference Library (Jones 1993), labeled AAD and AAM, respectively. The aggregate is 
a common Texas limestone shipped from a quarry in San Marcos, Texas. The optimum 
asphalt binder content is determined as 4.5% by weight of the mixture according to the 
Department of Transportation (TxDOT) Tex-204-F test procedure (TxDOT 2005). The 
aggregate gradation is a Type C gradation specified by TxDOT (TxDOT 2004). The 
Superpave gyratory compactor is used to compact asphalt mixtures into cylindrical 
specimens with 152 mm diameter and 178 mm height. Then specimens are cored and cut 
to a dimension of 102 mm in diameter by 150 mm in height recommended by the 
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Superpave models Team (1999). The target air void content of the trimmed 102 mm by 
150 mm specimen is 4.0 with a tolerance of ±0.5%.  
 The CSR test is conducted using the Material Test System (MTS) at a 
temperature of 20°C. A series of consecutive creep recovery tests and CSR tests are 
performed on the same asphalt mixture specimen:  
1) A nondestructive creep recovery test and a nondestructive CSR test at the same 
loading level 1; 
2) A nondestructive creep recovery test and a nondestructive CSR test at the same 
loading level 2; 
3) A nondestructive creep recovery test and a nondestructive CSR test at the same 
loading level 3 (loading levels 1, 2, and 3 are in an increased order); 
4) A destructive CSR test under a constant destructive load.  
There is a 15 min rest period between two consecutive tests in order to recover any 
possible deformation in an undamaged asphalt mixture specimen. The nondestructive 
creep recovery test is performed before each nondestructive CSR test to examine the 
effect of interruption by the step-loads on the recovery of the specimen. The creep 
recovery test has the same loading duration (40 sec) and recovery time (150 sec) as the 
CSR test. The nondestructive CSR tests are performed to obtain the creep and recovery 
properties of undamaged asphalt mixtures. They are conducted at different loading levels 
to examine whether the recovery properties of an undamaged asphalt mixture are 
dependent on the loading level. The recovery properties of a damaged asphalt mixture 
are measured by the destructive test, which are compared to those measured by the 
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nondestructive tests to investigate if any change occurs and identify the reason for the 
change.   
To ensure that the test is nondestructive, the maximum strain at the end of the 
creep phase is controlled below 80 µε. The first nondestructive test is conducted at very 
low loading level to avoid excessive deformation. Then the loading level is adjusted and 
increased by a small amount for the subsequent tests. For asphalt mixtures with the 
binder AAD, the loading level identified for the three nondestructive test is 89N (20 lbf), 
133 N (30 lbf) and 178 N (40 lbf), respectively. For asphalt mixtures with AAM, the 
load of three nondestructive test is 267 N (60 lbf), 356 N (80 lbf), and 534 N (120 lbf), 
respectively. In the destructive test, the maximum strain at the end of the creep phase of 
the destructive test is controlled above 200 µε to introduce significant damage to the test 
specimen. The identified destructive load for both the AAD and AAM mixtures is 890 N 
(200 lbf) and 1780 N (400 lbf), respectively.  
To further prove the selected nondestructive loading levels are truly 
nondestructive, the creep compliance measured at each loading level for each asphalt 
mixture specimen is assessed, which is calculated by: 
     
0
c tD t

              (5.5) 
where  D t  is the creep compliance;  c t  is the creep strain in the creep phase; and 
0  is the creep stress. A plot of  D t  versus time at three nondestructive loading levels 
is shown in Figure 5.5. For both AAD and AAM asphalt mixtures, the creep compliance 
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does not change as the loading level changes, so the nondestructive tests are truly 
nondestructive and the measured material properties are those of an undamaged asphalt  
mixture specimen.  
 
(a) AAD 
 
(b) AAM 
Figure 5.5 Measured Creep Compliance in Nondestructive CSR Tests 
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A typical measurement by the nondestructive and destructive CSR tests is shown 
in Figures 5.6 and 5.7, respectively. Since this testing method to measure the internal 
stress is innovative for asphalt materials, accuracy of the test results needs to be verified, 
which is discussed in the next section.  
 
5.4  Verification of Creep and Step-Loading Recovery Test 
The CSR test is verified in two aspects: the effect of disturbance by the step-
loads on the recovery of the asphalt mixture specimen; and the accuracy of the internal 
stress measured from the test.  
5.4.1  Effect of Disturbance by Step-Loads 
In the CSR test, incorporation of step-loads into the recovery phase causes 
interruption to the recovery of the asphalt mixture specimen. The effect of this 
disturbance should be examined to ensure that the influence is acceptable. Specifically, 
after introducing several step-loads, the material response of the specimen can still 
reflect the actual recovery of the specimen before adding the step-loads. This 
examination is conducted by comparing the axial strain measured from a CSR test to that 
measured from a creep recovery test at the same loading level shown in Figure 5.8. The 
result demonstrates that the axial strain from the CSR test matches well with that from 
the creep recovery test in the creep phase and in the recovery phase after five step-loads. 
Even under the step-loads, the difference between two strain curves is not significant. As 
a result, the effect of disturbance caused by adding step-loads is acceptable, and the 
material response provided by this test can be used to characterize the recovery property.   
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Figure 5.6 Axial Load and Axial Stain versus Time in Nondestructive CSR Test 
 
Figure 5.7 Axial Load and Axial Stain versus Time in Destructive CSR Test 
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Figure 5.8 Measured Axial Strain from Creep Recovery Test and CSR Test  
 
5.4.2  Accuracy of Measured Internal Stress 
The accuracy of the internal stress obtained from the CSR test should be examined to 
prove the validity the test. The verification is conducted by comparing the measured 
internal stresses to those calculated by the theory of viscoelasticity for undamaged 
asphalt mixtures (defined as theoretical internal stress). The calculation of theoretical 
internal stress is first introduced as follows.  
Figure 5.9 illustrates a nondestructive CSR test that is used to calculate the 
theoretical internal stress. The one step of loading between  1 2,t t  produces zero residual 
strain rate, which is used to represent any step in a step-load that gives the internal stress 
at that measured point. For example, if 21  in the second step-load and 42  in the fourth 
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step-load in Figure 5.3(a) are equal to the corresponding internal stress, k  in Figure 5.9 
can represent either 21  or 42 . In order to calculate k , the expression of the residual  
strain needs to be determined first.  
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Figure 5.9 Calculation of Theoretical Internal Stress in Nondestructive CSR Test  
According to the Boltzmann superposition principle (Findley et al. 1989), the 
residual strain between  1 2,t t  can be considered as the output due to the combination of 
three different stresses: a positive stress 0  (creep stress), a negative stress 0 , and a 
positive stress k , as shown in Figure 5.9. Each stress produces one strain component 
for the residual strain. Therefore, the residual strain between  1 2,t t  can be expressed in 
the following way:  
 1 2 3r r r r              (5.6) 
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where r  is the residual strain; 1r  is the residual strain component corresponding to 0 ; 
2r  is the residual strain component corresponding to 0 ; and 3r  is the residual strain 
component corresponding to k . These three residual strain components are calculated 
based on the stress-strain relationship in the theory of viscoelasticity, which is given in 
Equation 5.7:  
     
0
t d
t D t d
d
            (5.7) 
where  t  is an arbitrary stress history;  t  is the strain corresponding to this stress; 
  is any arbitrary time between 0  and t ; and  D t  is the creep compliance of an 
undamaged asphalt mixture. Substitute   0t   into Equation 5.7 and integrate it 
from 0  to t , giving: 
  1 0r D t    (5.8) 
Substitute   0t    into Equation 5.7 and integrate it from 0 1t   to t  to obtain: 
  2 0 0 1r D t t         (5.9) 
Substitute   kt   into Equation 5.7 and integrate it from 1t  to t  to obtain the 
expression of 3r  as: 
 3 1r k D t t           (5.10) 
Therefore, r  in the period of  1 2,t t  is calculated by substituting Equations 5.8, 5.9, and 
5.10 into Equation 5.6: 
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      0 0 0 11r kD t D t t D t t             (5.11) 
Then the residual strain rate is obtained by Equation 5.11 as:  
      0 0 0 11r kD t D t t D t t               (5.12) 
Let 0r  , and then solve for k  from Equation 5.12, which gives: 
   
 
0 0 0
1
1
k
D t t D t
D t t
       
 
       (5.13) 
Given 0 ,  D t , 0t , and 1t , the value of k  can be obtained by Equation 5.13. This 
value is the theoretical internal stress that is calculated for an undamaged asphalt 
mixture. Equation 5.13 is only applicable for undamaged asphalt mixtures due to the 
availability of  D t . To calculate k  by Equation 5.13,  D t  must be determined for 
the period of  0 21,t t  in Figure 5.9. However, the creep compliance calculated by 
Equation 5.5 is limited for  00, 1t t  . To obtain  D t  in the recovery phase, it must 
use an appropriate model to simulate  D t  and extrapolate it beyond the measurement.  
 In general, there are two types of model available to simulate the creep 
compliance for an asphalt mixture. One is an exponential function that is based on the 
mechanical analog for a viscoelastic material. The mechanical response of a viscoelastic 
material can be interpreted according to a mechanical analog, which is composed of 
springs (representing perfectly elastic solids) and dashpot (representing perfectly viscous 
fluid). Based on this analog, an exponential function can be formulated as follows: 
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(5.14) 
where 0D  is instantaneous creep compliance; 1D  is creep compliance coefficient; and   
is retardation time. The other model is based on the shape of the curve  D t  versus time 
shown in Figure 5, which is a power function as follows: 
   cattD b     (5.15) 
where a , b , and c  are fitting coefficients. The creep compliance of an undamaged 
asphalt mixture modeled by Equations 5.14 and 5.15 is plotted in Figure 5.10, as well as 
the measured creep compliance. Both functions show goodness of fitting, but the power 
function fits better than the exponential function at the beginning of the creep phase 
(about first 5 sec). The initial goodness of fitting is important for calculating k  by 
Equation 5.13, so the power function is used to calculate the internal stress. Substitute 
Equation 5.15 into Equation 5.13, which gives 
 
 
 
1 1
0 0 0
1
1
1
b b
k b
t t t
t t
 
 

             (5.16) 
 Based on Equation 5.16, the theoretical internal stress of an undamaged asphalt 
mixture is calculated from the measurement by a nondestructive CSR test. Figures 5.11 
and 5.12 present both the measured and theoretical internal stresses at five measurement  
points in the nondestructive CSR test for AAD and AAM asphalt mixture specimens, 
respectively. The measured values match well with the theoretical values, which 
indicates the accuracy of the internal stress obtained from the CSR test and thus prove 
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the validity of this test. Note that this verification method is only suitable for a 
nondestructive CSR test because only the creep compliance of undamaged asphalt 
mixtures can be extrapolated beyond the measurement using a mathematical model. The 
creep compliance of a damaged asphalt mixture is not obtainable beyond the creep phase, 
i.e.  0 21,t t  in Figure 5.9. Consequently, a destructive CSR test is essential to measure 
the internal stress for damaged asphalt mixtures. Simulation of the measured internal 
stress and determination of the recovery properties for both undamaged and  
damaged asphalt mixtures are discussed in the next section.    
 
Figure 5.10 Simulation of Creep Compliance for Undamaged Asphalt Mixtures 
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Figure 5.11 Measured and Theoretical Internal stresses of AAD Asphalt Mixtures  
in Nondestructive CSR Test 
 
Figure 5.12 Measured and Theoretical Internal stresses of AAM Asphalt Mixtures 
in Nondestructive CSR Test 
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5.5  Simulation of Internal Stress and Determination of Recovery Properties 
Section 5.4 first discusses the rationale of selecting an appropriate model to 
simulate the internal stress; then the simulated internal stress is used to determine the 
recovery properties of asphalt mixtures.  
5.5.1  Simulation of Internal Stress  
 The internal stress measured from the nondestructive and destructive CSR tests 
are a series of points in the recovery phase, for example as shown in Figures 5.11 and 
5.12. To obtain a continuous curve of the internal stress versus time, an appropriate 
model is required to fit these discrete points. Selecting such a model is conducted using 
the software MATLAB by trying different mathematical functions incorporated in the 
MATLAB. It is found that two kinds of functions show high goodness of fitting. One is 
an exponential function as shown in Equation 5.17: 
  1 2
t t
i a bt e e
             (5.17) 
where  i t  is the internal stress; t  is the recovery time,  0 1,t t   ; a , b , 1 , and 
2  are fitting parameters. The other function is in the form of power law: 
  fi t dt g           (5.18) 
where d , f , and g  are fitting parameters; and  0 1,t t   . The R squared statistic of 
both functions is above 0.99, which indicates that these two models are suitable to 
simulate the internal stress within the measure range. Beyond the measure range, the 
suitability of the model also needs to be assessed so that it can be used to predict the 
internal stress in a wider range.  
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 The suitability of the two models beyond the measured range is examined by 
comparing the fitted value to the theoretical value that is calculated by Equation 5.16. A 
plot of measured internal stress, the fitted internal stress by Equation 5.17, the fitted 
internal stress by Equation 5.18, and the theoretical internal stress in the nondestructive 
CSR test is shown in Figures 5.13 and 5.14 for AAD and AAM asphalt mixture 
specimens, respectively. Four kinds of internal stress match well with each other within 
the measure range, from 40 sec to approximately 100 sec, as mentioned above. However, 
the curve simulated by Equation 5.18 starts to deviate from the other two curves after 
100 sec, while the curve simulated by Equation 5.17 still conforms to the theoretical 
value. After 120 sec, the curve simulated by Equation 5.17 is almost flat, while the other 
two curves remain decreasing. The tendency of continuous reduction of the internal 
stress reflects the actual recovery behavior of an undamaged asphalt mixture. The 
residual strain of the undamaged asphalt mixture specimen decreases with time and can 
completely recover given sufficient time. Therefore, the corresponding internal stress 
should continue diminishing and vanish eventually, as indicated by the curve simulated 
by Equation 5.17 and the theoretical value.    
 Based on the investigation both within and beyond the measured range, the 
exponential function shown in Equation 5.17 is the best model to simulate the internal 
stress. The modeled internal stresses for damaged asphalt mixtures in destructive CSR 
tests are plotted in Figure 5.15.  
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Figure 5.13 Simulation of Internal Stress of AAD Asphalt Mixtures in  
Nondestructive CSR Test  
 
Figure 5.14 Simulation of Internal Stress of AAM Asphalt Mixtures in 
Nondestructive CSR Test 
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Figure 5.15 Simulation of Internal Stress of Damaged Asphalt Mixtures in  
Destructive CSR Test 
5.5.2  Determination of Recovery Properties 
 Since the internal stress is obtained as the driven force in the recovery phase, it is 
used with the residual strain to define a new type of modulus: recovery modulus, which 
is a material property that describes the recovery behavior of asphalt mixtures. The 
recovery modulus is defined as the ratio of the internal stress to the residual strain as 
follows: 
     ir
t
R t
t

   (5.19) 
in which  i t  is the internal stress calculated by Equation 5.17; and  r t  is the 
residual strain in the recovery phase, which is simulated by the following function: 
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   0, 1, r
t
t r rt e
       (5.20) 
in which  0 1,t t   ; 0,r , 1,r , and r  are fitting parameters for the residual strain. 
The recovery modulus is calculated for all three nondestructive CSR tests and one 
destructive CSR test, which are shown in Figure 5.16 for the AAD mixtures and in 
Figure 5.17 for AAM mixtures. Both figures suggest that the recovery modulus in the 
nondestructive test does not change as the loading levels increase. This fact indicates 
that the recovery of undamaged asphalt mixtures only depends on the material itself. 
Another observation from these two figures is that the recovery modulus in the 
nondestructive test is different from that in the destructive test. This fact is explained by 
the occurrence of healing of the damaged asphalt mixture specimen in the recovery 
phase of the destructive CSR test. Furthermore, it can be seen that the shape of the 
recovery modulus curve under the destructive loading level in Figure 5.16 is different 
from that in Figure 5.17. This phenomenon is probably due to the different healing 
ability of AAD and AAM asphalt binders.  
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Figure 5.16 Recovery Modulus of AAD Asphalt Mixtures in Nondestructive and  
Destructive CSR Test  
 
Figure 5.17 Recovery Modulus of AAM Asphalt Mixtures in Nondestructive and 
Destructive CSR Test 
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6. CHARACTERIZATION OF HEALING OF ASPHALT MIXTURES  
 
6.1  Theoretical Background of Healing 
In Section 6, a comprehensive literature review on the mechanism of healing is 
first presented; then a new perspective to study the healing in asphalt mixtures is 
proposed from a mechanistic viewpoint.  
6.1.1  Literature Review on Mechanism of Healing 
Extensive studies of healing have been carried out in the field of polymer 
science. A comprehensive review on this subject is given in Kausch et al. (1987) with 
eighty references. One of these theories that is applied to asphalt materials is Wool and 
O’Connor’s theory (Wool and O’Connor 1981), which states that healing is combination 
of two processes: wetting of two crack surfaces (“wetting”) and an increase of the joint 
strength of the two crack surfaces. “Wetting” is a process in which contact and adhesion 
are established between two crack surfaces. Increase of the joint strength of the two 
crack surfaces that are in complete contact is a process in which strength is developed 
through molecular interchange across the interface and random entanglement formation. 
It is a diffusion process characterized by molecular motion. Wool and O’Connor 
proposed a convolution integral function to describe the healing process: 
   ,t h d XR R t dd


  

         (6.1) 
where R  is the healing that contains both the wetting and the joint-strength processes; 
 , X   is the wetting distribution function controlled by the wetting process; and 
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 hR t   is the intrinsic healing function that defines the rate of the joint-strength 
process. Bhasin et al. (2008) employed Equation 6.1 to model the healing of asphalt 
materials. The wetting process of asphalt materials is represented by  X, , of which 
the formulation is based on Schapery’s crack closing and bonding theory (Schapery 
1989). The joint-strength process is represented by  tRh , which has a similar 
formulation suggested by Wool and O’Connor (1981). The value of  hR t   is 
determined by testing asphalt binders using the dynamic shear rheometer (DSR). 
Studies pertaining to the wetting process in damaged materials can be traced to 
the work of so-called autohesion in the 1960s (Anand and Karam 1969; Anand and 
Balwinski 1969; Anand and Dipzinski 1970; Anand 1969, 1970). Autohesion refers to 
self-adhesion of two surfaces of the same material: the two surfaces are gradually closed 
and the contact area between them increases correspondingly. The growth of the contact 
area of two surfaces is predicted by applying an external compressive force. However, 
there should be no external load during the closure of the two surfaces, of which the 
driven force is provided by the material itself. Schapery (1989) introduced the concept of 
the interfacial force of attraction, which acts on the adjacent separated crack surfaces and 
tends to draw the surfaces together until complete contact exists. He conducted rigorous 
mechanistic analysis of the wetting process of one crack using the interfacial force of 
attraction for viscoelastic materials. The stress calculated by the interfacial force of 
attraction is defined as the bonding stress. The two separated crack surfaces gradually 
close by the action of the bonding stress to produce surface-to-surface contact. The 
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length of the crack surfaces over which contact occurs is defined as the bonding zone 
length. The rate of the growth of the contact area is defined as the bonding speed. The 
bonding zone length and bonding speed are predicted from the analysis of the bonding 
stress and the resulting movement of the surfaces during the wetting process. The 
expressions of the bonding zone length and bonding speed are derived for a linear 
viscoelastic material. This result is extended by Baney and Hui (1999) for a standard 
linear solid. Although Schapery’s analysis gives a theoretical solution for the closure of 
two crack surfaces, it is not suitable for the wetting process of a damaged asphalt 
mixture. There are numerous cracks closing in the wetting of the asphalt mixture, 
whereas Schapery’s analysis only focuses on the closure of one crack. In addition to the 
interfacial force of attraction which draws the two surfaces together, as is considered in 
Schapery’s theory, the two crack surfaces are also driven together by the internal stress.  
Once the crack surfaces are brought into contact in the wetting process, an 
immediate adhesion arises from the effect of the change of the surface work due to the 
action of the bonding stress. If the bonding stress is the only stress that drives the closure 
of a crack, the strength achieved by the wetting process is of the order of the surface 
energy, which is very low and not the full strength of the material. Some of the literature 
also claim low strength achievement in the wetting process; the full strength is gained in 
the joint-strength process following the wetting process, which controls the buildup of 
mechanical strength and mechanical properties of the material (Jut et al. 1981; Wool and 
O’Connor 1981). However, according to the principle of fracture mechanics, the surface 
energy alone does not constitute the strength of the material, which, in fact, varies as the 
143 
 
square root of the product of the modulus and the surface energy and is much larger than 
the surface energy. In other words, the immediate attainment of strength by the wetting 
process is underestimated by stating that the strength achieved in the process is of the 
order of the surface energy. A solid laboratory evidence to prove the high strength 
attainment in the wetting process is provided in Section 1. In a nondestructive 
controlled-strain RDT test, the material properties variation in a loading cycle is due to 
the crack opening (crack growth) and crack closure (“wetting”) in this loading cycle. 
However, the material properties do not change from the first loading cycle to 
subsequent cycles. This fact indicates that strength change due to the crack growth in a 
loading cycle is completely offset by the “wetting” of cracks in the same cycle. The 
attainment of strength in the wetting process is thus the full strength of the mixture.  
Review of the literature above demonstrates the importance of the wetting 
process: its contribution to the healing of an asphalt mixture is significant and needs to 
be accurately characterized. Since the wetting process can produce the full strength of 
the asphalt mixture, there should be other forces that drive this process besides the 
bonding stress for the closure of the crack. To address these problems, the wetting 
process of a damaged asphalt mixture is studied as follows.  
6.1.2  Healing and Recovery of Asphalt Mixtures  
Healing occurs after removing the external load on a damaged asphalt mixture so 
it always accompanies the recovery of the material. Recovery of asphalt mixtures occurs 
at any loading level after removing the load, but healing only occurs after cracking 
damage is generated in the material. More specifically, when the asphalt mixture is not 
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damaged, there is only a recovery process in which the material recovers its deformation. 
When the asphalt mixture is damaged, there are a recovery process and a healing process 
in the material. “Healing” here refers to the wetting process.  
 Recovery of both undamaged and damaged asphalt mixtures has been studied 
using a creep and step-loading recovery (CSR) test in Section 5. The recovery process is 
driven by the internal stress in the asphalt mixture, which is measured in the recovery 
phase of a CSR test. The relationship between the internal stress and the corresponding 
strain in the recovery process is described by the recovery modulus (Equation 5.19). It is 
proven that the recovery modulus does not change in undamaged asphalt mixtures at 
different loading levels as long as the load is nondestructive. This fact is explained as the 
recovery is due to rearrangement of molecules so it only depends on the intact material 
in an asphalt mixture specimen. However, the recovery modulus becomes different when 
the asphalt mixture is damaged. This difference is caused by the healing of the cracks. At 
this time, there are two processes in the recovery of the bulk asphalt mixture specimen: 
the recovery of the intact material and healing (or closure) of the cracks.   
 Recovery of the bulk specimen under a destructive loading is what is observed in 
a destructive CSR test. It is an apparent description of what actually happens inside the 
specimen, which is defined as apparent recovery. The measured internal stress is thus 
defined as apparent internal stress. The apparent internal stress is assumed to be 
uniformly on the entire cross section of the specimen. However, the internal stress can 
only act on the intact material to drive the recovery of the intact material. Therefore, the 
internal stress carried by the intact material is defined as the true internal stress, and the 
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recovery of the intact material is defined as the true recovery. An illustration of the 
apparent and true internal stresses is given in Figure 6.1. The apparent internal stress, 
denoted Ai   and Ai  , is uniformly distributed over the Plane A, while the true internal 
stress, denoted Ti   and Ti  , is distributed on Plane B excluding the cracked area.  
 A
cIc
cNc
 A
 T  TIncrease of crack radius
 
(a) Crack growth 
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(b) Crack Closure 
Figure 6.1 Illustration of Apparent Stress and True Stress for Damaged Asphalt 
Mixtures 
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The true internal stress is the driving force for the true recovery of the asphalt 
mixture. The driving forces for the healing of the cracks, as mentioned above, include 
the bonding stress obtained from the interfacial force of attraction. Other forces driving 
the healing process are examined by the energy redistribution around the crack caused 
by the action of the forces associated with this process. Since healing is a process 
counter to cracking, the energy redistribution in the healing process is counter to that in 
the cracking process. The energy redistribution in the cracking process of an asphalt 
mixture is elaborated in Section 5. In brief, the energy redistribution around the crack as 
a result of crack propagation involves the recoverable pseudo strain energy (RPSE) 
released in the intact material above and below the crack in the region labeled “3” in 
Figure 6.2, and the RPSE restored as surface energy on the newly created crack surfaces 
labeled “4” in Figure 6.2. Therefore, the RPSE redistributed around the crack as a result 
of healing should be the RPSE restored in the intact material above and below the crack 
and the RPSE released from the closure of the crack surfaces. The RPSE released from 
closure of crack surfaces equals the surface energy, which is the work done by the 
interfacial force of attraction. The RPSE restored in the intact material above and below 
the crack is the work done by the true internal stress in the intact material. There are in 
fact two forces involved in the healing process: the interfacial force of attraction and the 
true internal stress, which are shown in Figure 6.3. Both of them contribute to the energy 
interchange and drive the growth of the contact area of the crack surfaces.  
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Figure 6.2 Energy Redistribution during Healing of Damaged Asphalt Mixtures 
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Figure 6.3 Driven Forces for Healing of Damaged Asphalt Mixtures  
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6.2  Laboratory Testing and Analysis Method 
After determining the driven forces (causes) for the healing process, the next step 
is to determine the effect of these causes, which is the decrease of the average crack 
radius as a result of the growth of the contact area of the crack surfaces. In this way, 
healing is characterized by an essential cause and effect relationship. Decrease of the 
average crack radius is determined by measuring the apparent recovery of a damaged 
asphalt mixture specimen from a destructive CSR test and using an energy-based 
mechanistic approach to solve the true recovery and the healing of cracks. The 
configuration and procedure of the CSR tests was elaborated in Section 5. In order to 
characterize healing properties based on the measurements of these CSR tests, the test 
data is analyzed using an energy-based mechanistic approach. 
The energy-based mechanistic approach is developed to characterize the fatigue 
damage and model crack growth in Sections 2 and 3. It is based on the difference 
between the apparent measurement from the test and the true circumstance inside the test 
specimen. The true stress/energy is related to the apparent stress/energy based on the 
principle of force equilibrium and the principle of energy balance, respectively.  
The principle of force equilibrium states that the true force carried by the intact 
material equals the apparent force assumed to be carried by the entire cross section of the 
specimen. According to this principle, force equilibrium equations are constructed 
between the true stress and the apparent stress.  
The principle of energy balance states that any kind of true energy within the 
intact material equals its counterpart from the apparent measurement. This is because 
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only the intact material can store, release and dissipate energy while cracks cannot. 
Consequently, the true energy within the intact material must equal the apparent energy 
within the entire specimen, including the intact material and cracks. According to this 
principle, energy balance equations are formulated between the true energy and the 
apparent energy.  
These two principles are also suitable for the creep phase of the destructive CSR 
test, in which there is creep crack growth as shown in Figure 6.1(a). The asphalt mixture 
specimen is subjected to a tensile loading, represented by A . After crack propagation, 
the crack radius increases from the initial crack size Icc  to the new crack size Ncc . 
During this process, energy is dissipated due to the viscoelastic effect of the asphalt 
mixture and the damage generated in the material (DSE). If replacing strain with pseudo 
strain to eliminate the viscoelastic effect from the DSE, the remaining energy represents 
the energy expended for the damage generated in the asphalt mixture (DPSE). The force 
equilibrium equation and the energy balance equations are presented as follows: 
 Force equilibrium: 
 A T cA A S           (6.2) 
where A  is the apparent stress, which is calculated by the creep load in the CSR test 
divided by the cross sectional area; A  is the cross sectional area; T  is the true stress, 
which is the stress in the intact material and equal to the creep load divided by the cross 
sectional area excluding the crack opening area; and cS  is the average area of all the 
cracks on the cross section. 
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 Energy balance: 
DSE DSEA T         (6.3)  
DPSE DPSEA T         (6.4) 
where ADSE  and DSET are the apparent DSE and true DSE, respectively; ADPSE  and 
DPSET  are the apparent DPSE and true DPSE, respectively. 
 When applying the principle of force equilibrium to the recovery phase of the 
destructive CSR test, the force equilibrium equations are slightly different. The apparent 
internal stress and true internal stress are self-balanced as shown in Figure 6.1(b). The 
superscripts “+” and “-” denote the stress above a plane and below a plane, respectively. 
The force equilibrium equations are expressed as: 
 0A Ai i             (6.5) 
 0T Ti i             (6.6) 
 The principle of energy balance is still applicable to the recovery phase of the 
destructive CSR test. During the recovery of the asphalt mixture specimen, the strain 
energy originally stored in the material recovers with time. This part of strain energy is 
RSE. The apparent RSE recovered by the bulk specimen is equal to the true RSE of the 
intact material, which is expressed as: 
RSE RSEA T         (6.7)  
where RSEA  and RSET are the apparent RSE and true RSE, respectively. After 
removing the viscoelastic effect from the RSE using the pseudo strain, the remaining 
energy, or the RPSE, is the stored and recovered energy corresponding to the elastic 
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effect of the material. The apparent RPSE associated with the apparent recovery of the 
bulk specimen equals the true RPSE associated with the true recovery of the intact 
material and healing of the cracks, which has the energy redistribution as described 
above. It is expressed in the following equation:  
 2 3 2 3 2 22 2RPSE RPSE RPSE 2 23 3A T T Ih Ih Nh Nhm m Ih Ih Nh NhM c M cV V M c M c           
    
(6.8) 
in which: 
 ARPSE  is the apparent RPSE;  
 mV  is the volume of the asphalt mastic in one layer of the asphalt mixture 
specimen; 
 
2 3 2 32 2+RPSE
3 3
T Ih Ih Nh NhM c M c       represents the energy restored in the 
intact material above and below the crack in the region labeled “3” in Figure 6.2; 
RPSET  is the true RPSE; IhM  is the number of initial cracks before healing; Ihc  
is the average crack size of the initial crack before healing; IhNM  is the number 
of new cracks after healing; Nhc  is the average crack size of the new crack after 
healing;  
  2 22 2Ih Ih Nh NhM c M c     represents the energy released from closure of 
crack surfaces labeled “4” in Figure 6.2;   is the surface energy density (energy 
per unit of surface area).  
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The RPSE balance equation shown in Equation 6.8 quantifies healing in the damaged 
asphalt mixture using the recovery properties measured from the destructive CSR test. 
The initial damage at the beginning of the recovery phase when healing starts is 
represented by IhM  and Ihc , which is also the final damage at the end of the creep phase 
when cracking stops. The damage at any time during the recovery phase is represented 
by NhM  and Nhc . The change from the initial damage at the beginning of the recovery 
phase to the damage at any time during the recovery phase thus represents the extent of 
healing that occurs during that period. As a result, in order to obtain the extent of 
healing, the initial damage in the healing process must be determined first since it is the 
starting point based on which the change can be quantified. The initial damage in the 
healing process, or the final damage at the end of the creep phase, is obtained by 
determining the crack growth in the creep phase, which is presented in Section 6.3.        
 
6.3  Determination of Crack Growth in the Creep Phase 
The crack growth in the creep phase of a destructive CSR test is determined 
based on basic mechanistic equations as shown in Equations 6.2 to 6.4. To solve these 
equations and quantify the crack growth in the damaged asphalt mixture specimen, the 
mechanistic analysis is conducted on the data of both the nondestructive and destructive 
CSR tests. A detailed step by step procedure is given as follows. 
Step 1. Determination of Apparent Creep Material Properties of Undamaged Asphalt 
Mixtures  
The apparent creep material properties of undamaged asphalt mixtures are  
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obtained from the creep phase of the nondestructive CSR tests, which include apparent 
creep compliance and apparent relaxation modulus. The apparent creep compliance of 
the undamaged asphalt mixture is calculated as follows: 
    cN
cN
t
D t

   (6.9) 
Where  D t  is the apparent creep compliance of undamaged asphalt mixtures; t  is the 
time in the creep phase,  00,t t  as shown in Figure 6.4;  cN t  is the creep strain in 
the nondestructive test, the subscript “c” indicating “creep” and “N” indicating  
“nondestructive”; and cN  is the creep stress in the nondestructive test.  

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Figure 6.4 Schematic of Stress and Strain in the CSR Test 
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The apparent relaxation modulus is obtained by the Laplace transform of the 
apparent creep compliance. To facilitate the process of the Laplace transform,  D t  
calculated by Equation 6.9 is simulated using the following function: 
   0 1 1
t
D t D D e 
        
(6.10) 
where 0D  is the instantaneous creep compliance; 1D  is the creep compliance coefficient; 
and  is the retardation time. Apply the Laplace transform to  D t  in Equation 6.10, 
which gives: 
         0 0 11 1ˆ 1 1
D D DD t D s D
s s s s s s

      L   (6.11) 
where   D tL  or  Dˆ s  is the Laplace transform of  D t ; and s  is the transformed 
variable. For undamaged asphalt mixtures,  Dˆ s  has the following relationship with the 
Laplace transform of the relaxation modulus (Findley et al. 1989): 
     21ˆ ˆD s E s s   (6.12) 
where  Eˆ s  is the Laplace transform of the relaxation modulus. Substitute Equation 
6.11 into 6.12 and solve for  Eˆ s  to obtain 
  
 2 0 1
1ˆ
1
E s
D Ds
s s s
    
       (6.13) 
Apply the inverse Laplace transform for  Eˆ s  in Equation 6.13 to obtain the expression  
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for the relaxation modulus:   
      
0 1
01 1
0 1 0 0 1
1ˆ
D D t
DDE t E s e
D D D D D

   L    (6.14) 
where  E t  is the relaxation modulus of the undamaged asphalt mixtures;   -1 Eˆ sL  is 
the inverse Laplace transform of  Eˆ s . Define  E t  in the following way: 
   1
t
E t E E e 

          (6.15) 
in which E  is the long term relaxation modulus; 1E  is the relaxation modulus 
coefficient; and   is the relaxation time. Comparing Equations 6.14 and 6.15 gives: 
  
0 1
1E
D D
           (6.16) 
  11 0 0 1
DE
D D D
          (6.17) 
 0
0 1
D
D D
      
      (6.18) 
Step 2. Determination of True Creep Material Properties of Undamaged Asphalt 
Mixtures  
The true creep material properties are the creep material properties of the intact 
material, including the true creep compliance and true relaxation modulus. The true 
creep compliance is calculated by the true creep stress and true creep strain; the true 
relaxation modulus is obtained by applying the Laplace transform to the true creep 
compliance.  
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 The true creep stress is inferred from the apparent creep stress by the force 
equilibrium equation (Equation 6.2).   
 TcN cN cA A S           (6.19) 
where TcN  is the true creep stress in the nondestructive test. In undamaged asphalt 
mixtures, the value of cS A  equals the air void content since the air voids are the initial 
cracks and the area of the air voids does not change in the nondestructive test. 
Consequently, TcN  can be solved from Equation 6.19 as follows: 
 
%1 AV
cNT
cN 
   (6.20) 
where %AV  is the air void content.  
 The true creep strain is inferred from the apparent creep stress and apparent creep 
strain by the DSE balance equation (Equation 6.3), in which DSE A  is calculated by 
integrating cN  and cN : 
 
0
DSE
tA
cN cNd           (6.21) 
Since cN  is constant in the creep phase, Equation 6.21 reduces to 
    0DSE cNcNcNA t          (6.22) 
Similarly, DSET  is calculated by integrating TcN  and the true creep strain TcN , and the 
result is:  
     0DSE TcNTcNTcNT t     (6.23) 
Substitute Equations 6.22 and 6.23 into Equation 6.3, yielding: 
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       0 0T T TcN cN cN cN cN cNt t                 (6.24) 
Equation 6.24 can be rewritten in the following form: 
   T TcN cN cN cNt t           (6.25) 
Solve  tTcN  from Equation 6.25 as: 
     T cNcN cNT
cN
t t     (6.26) 
Using the true creep stress and true creep strain determined above, the true creep 
compliance is calculated as: 
    TcNT T
cN
t
D t

         (6.27) 
where  TD t  is the true creep compliance. The true relaxation modulus is obtained 
following the same procedure to calculate  E t  as shown in Equations 6.10 through 
6.18. Similarly, the true relaxation modulus has the formulation as follows: 
    1 T
t
T T TE t E E e 

         (6.28) 
in which TE  is the true long term relaxation modulus; 1
TE  is the true relaxation modulus 
coefficient; and T  is the true relaxation time. A plot of the apparent creep compliance, 
apparent relaxation modulus, true creep compliance, and true relaxation modulus of 
undamaged asphalt mixtures is given in Figure 6.5. The determined apparent and true 
creep material properties are used to calculate the apparent pseudo strain and true pseudo 
strain in the CSR test, respectively, which is discussed as follows.  
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Figure 6.5 Apparent and True Creep Properties of Undamaged Asphalt Mixtures  
Step 3. Calculation of Pseudo Strain Using Determined Creep Material Properties 
Pseudo strain is calculated as follows: 
     
0
1 t VE
R
R R
d t
E t d
E d E
            (6.29) 
where R  is the pseudo strain;   is any arbitrary time between 0 an t ; the lower 
integration limit “0” is 0  to allow for a discontinuous change in stress at 0t  , which 
is shown in Figure 6.4;  E t  is the relaxation modulus of undamaged asphalt mixtures; 
RE  is the reference modulus that is used to achieve a dimensionless variable for R ; and 
 VE t  is the viscoelastic stress corresponding to the strain history  t .  
Apply Equation 6.29 to the creep phase of the destructive CSR test to calculate  
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the apparent pseudo strain for  00,t t  in Figure 6.4. There is a jump discontinuity of 
the creep stress at 0t  , so Equation 6.29 can be written in the form (Wineman and 
Rajagopal 2000): 
       
0
1 0
t cD
RcD cD
R
d
E t E t d
E d
    
          (6.30) 
in which RcD  is the apparent pseudo strain in the creep phase of the destructive test, the 
subscript “D” indicating “destructive”; cD  is the creep strain in the destructive test; the 
lower integration limit 0  now implies 0  in Figure 6.4; and  E t  is calculated above by 
Equation 6.15. Model cD  using the following function:   
   0, 1, 1 cD
t
cD cD cDt e
         
     
 
(6.31) 
where 0,cD , 1,cD , and cD  are fitting parameters for cD . Substitute Equations 6.15 and 
6.31 into Equation 6.30 to calculate RD : 
 
   
 
0, 1,
10
1 1,
0, 1,
1
1 0
1 1
cD
cD cD
cD cD
tt
RcD cD
R
t t t
cD
cD cD
R cD
d e
E t E E e d
E d
E
E t E e e e
E




  
 
  
    



  

                       
                     

 
           (6.32) 
 
The reference modulus RE  is selected to be the magnitude of the complex 
modulus to make RcD  comparable to cD . The complex modulus is calculated by its 
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relationship with the relaxation modulus of the undamaged asphalt mixtures as follows 
(Findley et al. 1989): 
     * s iE i E t    L        (6.33) 
where  *E   is the complex modulus of undamaged asphalt mixtures; and   is the 
frequency. Substituting Equation 6.15 into 6.33 gives: 
   2* 1 12 21 1
E EE E i             (6.34) 
The magnitude of  *E   is calculated as follows, the value of which is assigned to RE .  
  
2 22
* 1 1
2 21 1 R
E EE E E   
            
    (6.35) 
where  *E   is the magnitude of the complex modulus. Substitute Equation 6.35 into 
6.32, which gives the expression for RD : 
   
 
  
1 1,
0, 1,
02 22
1 1
2 2
1
     0,
1 1
cD cD
t t t
cD
cD cD
cD
RcD
E
E t E e e e
t t
E EE
      
 
 
  


                
          
           (6.36) 
 The true pseudo strain in the creep phase of the destructive CSR test is calculated 
following the same procedure as that for RD  by Equation 6.37:  
       
0
1 0
T
t cDT T T T
RcD cDT
R
d
E t E t d
E d
    
         (6.37) 
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where TRcD  is the true pseudo strain in the creep phase; TcD  is the true creep strain in the 
destructive test;  TE t  is calculated above by Equation 6.18; and TRE  is the true 
reference modulus. First, simulate TcD  using the same formulation as that in Equation 
6.31: 
   


   TcD
t
T
cD
T
cD
T
cD et
 1,1,0      
 
(6.38) 
where T cD,0 , TcD,1 , and TcD  are fitting parameters for TcD . Then TRE  is calculated by 
analogy with RE , which has the following formulation: 
  
 
   
2 22
1 1
2 2
1 1
T T T T
T T
R T T
E EE E
  
   
               
    (6.39) 
Substitute Equations 6.38 and 6.39 into Equation 6.37 and integrate it to obtain the 
expression of TRD : 
 
 
 
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1 1
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  
   
  


                
              
  
    (6.40) 
Step 4. Calculation of DPSE Using Pseudo Strain for Damaged Asphalt Mixtures 
The apparent pseudo strain and true pseudo strain determined above are used to 
calculate the apparent DPSE and true DPSE in the creep phase of the destructive CSR 
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test, respectively. The apparent DPSE is calculated by integrating the apparent creep 
stress and the apparent pseudo strain for  00,t t  as follows: 
   
0
DPSE 0
tA
cD RcD cD RcD RcDd t               (6.41) 
where cD   is the creep stress in the destructive test; and RcD  is the apparent pseudo 
strain calculated above by Equation 6.36. The true DPSE is calculated by integrating the 
true creep stress and the true pseudo strain as follows: 
 
0
DPSE
tT T T
cD RcDd          (6.42) 
where  tTcD  is the true creep stress in the destructive test; and TRcD  is the true pseudo 
strain calculated above by Equation 6.40. The true creep stress always has the following 
relationship with the true creep strain because it is the viscoelastic stress of the intact 
material corresponding to the true creep strain.  
       
       
 
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E t E e e e  
    
   
    
  

  
  
                

   (6.43) 
where TVE  is the true viscoelastic stress, or the viscoelastic stress of the intact material. 
Comparing Equations 6.43 with Equation 6.37, TcD  and RD  has the following 
relationship: 
  T T TcD R RcDt E     (6.44) 
163 
 
Substituting Equation 6.44 into 6.42, gives: 
    2 2
0
DPSE 0
2
TtT T T T T TR
R RcD RcD RcD RcD
EE d t          (6.45) 
Step 5. Solve for True Creep Strain of Damaged Asphalt Mixtures by DPSE Balance 
Equation 
The apparent DPSE and true DPSE calculated above are substituted into the DPSE 
balance equation (Equation 6.4), which gives the following equation: 
        2 20 0
2
T
T TR
cD RcD RcD RcD RcD
Et t                 (6.46) 
The left side of Equation 6.46 is provided by the measurements of the destructive CSR 
test. Substituting for TRcD  using Equation 6.40 into Equation 6.46, the resulting DPSE 
balance equation have three unknown variables: T cD,0 , TcD,1 , and TcD , which are three 
fitting parameters for TcD . As a result, Equation 6.46 can be used to solve for TcD , of 
which the procedure is as follows: 
 Solve for T cD,0  by the stress-strain relationship at 0t  : 
     0, 0 0 0T T T TcD cD cDD      
   
(6.47) 
where  0TD  is calculated by Equation 6. 30;  0TcD  is the true creep stress at 
0t , 
which is related to cD  by the force equilibrium equation: 
     0 0TcD cN cA A S         (6.48) 
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in which  0cD  is the apparent creep stress at 0t  ; and the value of cS A  
equals the air void content at 0t  . Consequently,  0TcD  is solved from 
Equation 6.48 as: 
   00
1 %
T cN
cD AV
     (6.49) 
 Solve for TcD,1  and TcD  by Equation 6.46 using the “Solver” function in Excel. 
Before using “Solver”, assign TcD,1  and TcD  initial feed values as shown in 
Equation 6.40: 
 1, 1,
T
cD cD  ,  and   1, 1,TcD cD       (6.50) 
in which 1,cD  and cD  are fitting parameters for cD  in Equation 6.31. These 
initial feed values ensure that the “Solver” function provides the correct values 
for TcD,1  and TcD .      
Step 5. Determination of True Creep Stress and Damage Density for Damaged Asphalt 
Mixtures 
After obtaining the true creep strain in the destructive CSR test, the true creep 
stress is also determined by Equation 6.43. A plot of the apparent creep stress, apparent 
creep strain, true creep stress, and true creep strain in the destructive CSR test is 
presented in Figure 6.6. When the apparent creep stress is controlled constant in the 
creep phase, the true creep stress in the damaged asphalt mixture specimen is much 
larger than the apparent creep stress, and it increases with time as the cracking damage  
accumulates in the specimen.    
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Figure 6.6 Apparent Stress/Strain and True Stress/Strain in Destructive CSR Test 
With determined true creep stress, the damage density in the damaged asphalt 
mixture can be calculated by the following function: 
 0 1 %cD mT
cD
V  
     
        (6.51) 
where   is the damage density; 0  is the initial damage density in the creep phase, 
which equals the air void content; and %mV  is the volumetric percentage of the asphalt 
mastic that is determined from the volumetric analysis and aggregate gradation of the 
mixture design. A plot of the damaged density versus time of both the AAD and AAM 
mixtures is given in Figure 6.7. At the end of the creep phase, the damage density of the 
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AAD and AAM mixtures is 5.28% and 5.13%, respectively. These values are the final 
damage density in the creep phase, and also are the initial damage density from which 
the healing starts in the recovery phase. The change between the initial damage density 
and the damage density at any time during the recovery phase represents the extent of 
healing that occurs during this period. Therefore, the next step of quantifying healing is 
to determine the damage density at any time during the recovery phase, which is studied  
in Section 6.4.   
 
Figure 6.7 Damage Density versus Time in the Destructive CSR Test 
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6.4  Determination of Healing in the Recovery Phase 
The procedure of determining the damage density in the recovery phase involves 
5 steps, which are presented as follows in sequence.  
Step 1. Calculation of Pseudo Strain in the Recovery Phase of Destructive CSR Test 
The apparent pseudo strain and true pseudo strain in the recovery phase of the 
destructive CSR test must be determined first in order to calculate the apparent RPSE 
and true RPSE, respectively, in the damaged asphalt mixture. To calculate the apparent 
pseudo strain when  0 ,t t  , the strain history of the destructive CSR test is modeled 
using the following three functions: 
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  (6.52) 
where cD  is the creep strain of the destructive test as in Equation 6.31; u  is the strain 
in the unloading period as shown in Figure 6.4, during which the creep load is reduced to 
zero within 1 sec; m  and n  are fitting parameters for u ; rD  is the residual strain in the 
recovery phase of the destructive test; 0,rD , 1,rD , and rD  are fitting parameters for rD . 
Substitute Equation 6.52 in to Equation 6.29 to calculate the apparent pseudo strain: 
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where RrD  is the apparent pseudo strain in the recovery phase of the destructive test; 
and RE  is calculated above by Equation 6.35.   
 The true pseudo strain is calculated using the same procedure for RrD . First, the 
true strain history of the destructive CSR test when  0 ,t t   is formulated as follows: 
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where TcD  is the true creep strain as in Equation 41; Tu  is the true strain in the unloading 
period; Tm  and Tn  are fitting parameters for Tu ; TrD  is the true residual strain in the 
recovery phase of the destructive test; 0,
T
rD , 1,TrD , and TrD  are fitting parameters for TrD . 
Substitute Equation 6.54 in to Equation 6.29 to calculate the true pseudo strain: 
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(6.55) 
where TRrD  is the true pseudo strain in the recovery phase of the destructive test; and TRE   
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is calculated above by Equation 6.39. To calculate the value of TRrD , Tu  and TrD  must 
be determined first, as introduced in the next step.   
Step 2. Determination of True Strain in the Recovery Phase for Damaged Asphalt 
Mixtures  
The strain in the loading and unloading periods in Figure 6.4 is considered to be 
the elastic response to the stress in that period. Therefore, the change of the strain in the 
unloading period, u , is equal to the change of the strain in the loading period, l , as 
shown in Figure 6.4. The change of the true creep strain in the loading period is obtained 
by the true creep strain at 0t  , which is 0,TcD  calculated by Equation 6.47. The change 
of the true strain in the unloading phase Tu  is thus calculated by: 
 0,
T T
u cD     
 
(6.56) 
In addition, the true strain at 0t  is already obtained above in the creep phase as 
 0TcD t t  . Based on Tu  and  0TcD t t  , a linear function can be fitted for Tu  with 
the determined values of Tm  and Tn .  
 The true residual strain TrD  is determined using the RSE balance equation 
(Equation 6.7) from the apparent measurements provided by the destructive CSR test. 
The apparent RSE is calculated integrating the apparent internal stress and apparent 
residual strain for  0 1,t t   : 
   
0 1
RSE
tA
iD rDt
t d     (6.57) 
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where  iD t  is the apparent internal stress measured in the destructive CSR test, which 
is simulated by an exponential function: 
   1 2
t t
iD a bt e e
        (6.58) 
in which a , b , 1 , and 2  are fitting parameters for iD . The true RSE is calculated 
by integrating the true internal stress and true residual strain as follows: 
   
0 1
RSE
tT T T
iD rDt
t d     (6.59) 
where TiD  is the true internal stress in the destructive CSR test, which is calculated 
based on the recovery modulus: 
      T TiD N rDt R t t    (6.60) 
in which  NR t  is the recovery modulus of undamaged asphalt mixtures measured from 
the nondestructive CSR test. Substituting Equation 6.60 into 6.59, gives: 
          
0
2 2
01
RSE 1
2
tT T T N T T
N rD rD rD rDt
R t
R t t d t t            (6.61) 
in which:  
    0 01 1T TrD ut t      (6.62) 
Substitute Equations 6.57, 6.61, and 6.62 into the RPSE balance equation, which gives: 
        
0
2 2
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1
2
t N T T
iD rD rD ut
R t
t d t t           (6.63) 
Substitute the expression of  TrD t  in Equation 6.54 into Equation 6.63, which gives: 
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in which 0,
T
rD  is solved from the following relationship: 
      0
1
0 0, 1, 01  1
T
rD
t
T T T T
rD rD rD ut e t
   
       (6.65) 
Solve for 1,
T
rD  and TrD  by Equation 6.64 using the “Solver” function in Excel. A plot of 
the apparent internal stress, true internal stress, apparent residual strain, and true residual 
strain of the destructive CSR test is given in Figure 6.6.  
Step 3. Calculation of RPSE Using Pseudo Strain for Damaged Asphalt Mixtures  
The apparent pseudo strain and true pseudo strain in the recovery phase 
determined above are used to calculate the apparent RPSE and true RPSE in the 
recovery phase of the destructive CSR test, respectively. The apparent RPSE is 
calculated by integrating the apparent internal stress and the apparent pseudo strain in 
the recovery phase for  0 1,t t   : 
   
0 1
RPSE
tA
iD RrDt
t d     (6.66) 
where RrD  is calculated above in Equation 6.53. The true RPSE is calculated by 
integrating the true internal stress and true pseudo strain in the recovery phase as 
follows: 
   
0 1
RPSE
tT T T
iD RrDt
t d     (6.67) 
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where TRrD  is calculated above in Equation 6.67 based on the determined true strain in 
the last step. 
 Step 4. Solve for Damage Density in the Recovery Phase Using RPSE Balance Equation 
The calculated apparent RPSE and true RPSE are substituted into the RPSE 
balance equation (Equation 6.8) to solve for the change of the damage density with time 
in the recovery phase. The time duration of the recovery phase is 2 min and the time 
interval between data acquisitions is 0.1 sec, so there are 1200 data points for which the 
RPSE balance equation is solved. Rewritten Equation 6.8 in the following form for each 
data point: 
 2 3 2 3 2 21 1 1 12 2RPSE RPSE RPSE 2 23 3A T T i i i im m i i i iM c M cV V M c M c                 
    
(6.68) 
in which i  is the number of data point in the recovery phase, 1,2, ,1200i    .  
For the 1st data point ( 1i  ), 0M  and 0c  are the initial number of cracks and 
initial average crack size in the recovery phase, respectively; 1M  and 1c  are the number 
of cracks and average crack size at the 1st data point, respectively. The number of cracks 
does not change in the recovery phase since healing (or crack closure) of the asphalt 
mixture specimen only results in the decrease of the average crack size. As a result, there 
are three independent unknown variables in Equation 6.68: 0M , 0c , and 1c , which are 
solved as follows: 
 The initial number of cracks and initial average crack size in the recovery phase 
are also the final number of cracks and final average crack size in the creep 
174 
 
phase, so 0M  and 0c  are related to the final damage density in the creep phase as 
follows: 
2
0 0 fcM c A      (6.69) 
where fc  is the final damage density at the end of the creep phase, which is 
calculated by Equation 6.51; and A  is the cross sectional area. Assume the 
number of cracks does not change in the creep phase since the loading time is 
very short; then 0M  is equal to the initial number of cracks in the creep phase. 
Determination of the initial number of cracks before loading can be found in 
Section 4. After obtaining 0M , 0c  can be calculated by Equation 6.69. 
 After obtaining 0M  and 0c , 1c  is the only unknown variable in Equation 6.68. 
The “Solver” function in Excel is used to solve for the value of 1c , so the left 
side and right side of the equation can be balanced. 
The determined 1c  is fed into Equation 6.68 for 2i  , in which 2c  is the only unknown 
variable. The “Solver” function is used again to solve for the value of 2c . Then 2c  is fed 
into Equation 6.68 for 3i   to solve for 3c . This process is repeated until 1200i  , 
which is conducted automatically by the Macro program that is designed and embedded 
in the Excel. 
Using the determined ic  for the 1200 data points in the recovery phase, the 
damage density for each data point i  is then calculated as: 
  
2
0 i
i
M c
A
      (6.70) 
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The plot of i  versus time of both AAD and AAM mixtures are shown in Figure 6.7 as 
the two curves in the recovery phase. The decrease of the damage density with the 
increase of time demonstrates that healing occurs in the asphalt mixture specimen.  
Step 5. Determination of Healing Rates from the Healing Curve  
 Based on the determined damage density at every data point in the recovery 
phase, the extent of healing is thus quantified as the difference between the damage 
density at any data point ( i ) and the initial damage density before healing starts, which 
is determined above as the final damage density at the end of the creep phase ( fc ). To 
make it a normalized value, the extent of healing is defined in the following way: 
   
0
,         0,1fc i
fc
h h
 
 
    (6.71) 
where h  is the normalized healing measured from the CSR test, or the measured 
healing; fc i   represents the extent of healing that occurs from the beginning of the 
recovery phase to the data point i ; 0  is the initial damage density defined in Equation 
6.51, which equals the air void content; 0fc   is thus the maximum increase of damage 
density due to the crack growth in the creep phase, representing the maximum extent of 
healing that can occur in the damaged asphalt mixture specimen. A plot of h  versus the 
rest time is presented in Figure 6.8. The rest time refers to the length of the time during 
which healing occurs. It has the following relationship with t  in Figure 6.4: 
     0 01 ,         1,t t t t t         (6.72) 
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where t  is the rest time. The point of 0h   corresponds to fc i  , indicating no 
healing occurs when 0t  ; the point of 1h   corresponds to 0i  , indicating all the 
cracking damage generated in the material is healed, i.e. complete healing. This curve 
showing the healing rate at different rest times is defined as the healing curve.  
 It is observed from Figure 6.8 that there is a rapid increase of the measured 
healing in the approximately first 5 sec. In other words, the healing rate is very large 
during this period. After that, the healing rate gradually decreases and the change of the 
measured healing is less with the increase of the rest time. To demonstrate such 
characteristics of the healing of asphalt mixtures, Lytton (2004) used an equation to 
model the healing curve in the form of the Ramberg-Osgood equation (Ramberg and 
Osgood 1943): 
       
 
 1 22 1 2ˆ 1
h h t
h h t
h h t
h
     
           (6.73) 
where hˆ  is the calculated healing based on three parameters: 1h , 2h , and h ; 1h  is the 
short-term healing rate, representing the healing speed of the material at the beginning of 
unloading; 2h  is the long-term healing rate, indicating the healing speed of the material 
after a long time; and h  is the healing rate scale, reflecting the overall ability of the 
material to heal. These three parameters are illustrated in Figure 6.8. The advantage of 
using this healing model is that the healing ability of the asphalt mixture can be readily 
described by these three parameters, so it is convenient to compare and select a type of  
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asphalt mixture with good healing ability.  
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Figure 6.8 Healing Curve with Short-Term and Long-Term Healing Rates 
 A plot of the measured healing by Equation 6.71 and the calculated healing by 
Equation 6.73 are shown in Figure 6.9 for both AAD and AAM mixtures. The calculated 
healing matches well with the measured healing for both mixtures. Figure 6.9 suggests 
that the shape of the healing curve of the AAD mixtures is different from that of the 
AAM mixtures. More precise description of this difference is given by the healing 
parameters as shown in Table 6.1. The AAM mixtures have a larger short-term healing 
rate, larger long-term healing rate, and larger healing rate scale. Therefore, the AAM 
mixtures have better healing ability than the AAD mixtures. This conclusion conforms to  
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the finding in other research (Si et al. 2002).   
 
Figure 6.9 Measured and Calculated Healing for Damaged Asphalt Mixtures  
Table 6.1 Values of Healing Rates from the Healing Curve 
Type of Asphalt 
Mixtures 1h
  2h  h  
AAD 0.2106 7.643 10-7 0.5583 
AAM 0.2515 4.761 10-4 0.6341 
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7. APPLICATION OF THE ENERGY-BASED MECHANISTIC APPROACH TO 
DIFFERENT TYPES OF ASPHALT MIXTURES 
 
The objective of Section 7 is to examine the application of the energy-based 
mechanistic approach that is developed in the previous sections for characterization of 
fatigue cracking and healing of asphalt mixtures. Because of the mechanistic nature of 
this approach, it is believed the approach can be applied to all kinds of asphalt mixtures, 
and even materials other than asphalt mixtures. As examples, this approach will be 
employed to evaluate the fatigue resistance and healing ability of twenty different types 
of asphalt mixtures.      
 
7.1  Materials and Experiments  
The asphalt mixtures used are laboratory mixed and laboratory compacted hot 
asphalt mixtures. There are four types of asphalt binders: the binder AAD and binder 
AAM from the Strategic Highway Research Program Materials Reference Library 
(Jones 1993); the binder designated “NuStar” that is supplied by the NuStar Energy, 
Paulsboro, New Jersey; and the binder designated “Valero” that is supplied by the 
Valero Refining, Benicia, California. There are two types of aggregate: Texas limestone 
as mentioned in the previous sections and Hanson limestone, New Braunfels, Texas. 
There are two kinds of air void content: 4% and 7%., and three different aging periods: 
0, 3, and 6 months. Combination of all these variables yields twenty types of asphalt 
mixtures, as shown in Table 7.1. In the first column of Table 7.1, for example, “M1” is 
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one type of asphalt mixture using AAD and Texas limestone with 4% air voids and is 
aged for zero month. The mixture design, process of fabrication of cylindrical 
specimens, test machine, and the test set up are the same as those in the previous  
sections, which are not repeated here.  
Table 7.1 Material Information of Tested Asphalt Mixtures 
Type of 
Asphalt 
Mixture 
Design Variables 
Asphalt 
Binder Aggregate Air Void Content Aging Period 
M1 
AAD 
Texas 
limestone 
 
4% 
0 
M2 6 
M3 
7% 
0 
M4 6 
M5 
AAM 
4% 
0 
M6 6 
M7 
7% 
0 
M8 6 
M9 
NuStar 
Hanson 
limestone 
4% 
0 
M10 3 
M11 6 
M12 
7% 
0 
M13 3 
M14 6 
M15 
Valero 
4% 
0 
M16 3 
M17 6 
M18 
7% 
0 
M19 3 
M20 6 
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The twenty different types of asphalt mixtures are subjected to a series of 
laboratory tests in order to characterize the fatigue and healing properties. The 
controlled-strain RDT test that is described in Sections 2, 3, and 4 is used to obtain the 
fatigue properties, and the CSR test that is developed in Section 5 and 6 is used to obtain 
the healing properties, as shown in Table 7.2. Detailed test configuration, test process, 
measured properties, and analysis method have already been presented in the previous 
sections. In the following of this section, the test results are given to verify the findings 
that are presented in the previous sections; in addition, to evaluate the change of the  
fatigue resistance and healing by changing the design variable of asphalt mixtures.  
Table 7.2 Testing Procedure of Laboratory Experiments  
 Testing Procedure Temperature Asphalt Mixtures 
Fatigue 
cracking 
1.  X-ray CT Test 
2.  Nondestructive controlled-
strain RDT test 
3.  Destructive controlled-strain 
RDT test 
20°C 
M1, M2, M3, M4, 
M5, M6, M7, M8, 
M9, M10, M11, 
M12, M13, M14, 
M15, M16, M17, 
M18, M19, M20 
Healing 
1. Normal creep recovery test 
2.  Nondestructive CSR test at 
loading level 1 
3.  Nondestructive CSR test at 
loading level 2 
4.  Nondestructive CSR test at 
loading level 3 
5.  Destructive CSR test  
20°C M1, M2, M3, M4, M5, M6, M7, M8 
1.  Normal creep recovery test 
2.  Nondestructive CSR test 
3.  Destructive CSR test 
10°C M9, M10, M11, 
M12, M13, M14, 
M15, M16, M17, 
M18, M19, M20 
20°C 
30°C 
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7.2  Variation of Material Properties in Controlled-Strain RDT Test 
In Section 2, it is found that the tensile material properties which are measured in 
the tensile stress portion are different from the quasi-compressive material properties 
that are measured in the compressive stress portion in one loading cycle of the 
controlled-strain RDT test. This difference is due to the crack opening (crack growth) 
and crack closure (healing) in this loading cycle. Both of the material properties do not 
change in the nondestructive RDT tests, but change in the destructive RDT tests. These 
findings are verified for all asphalt mixtures, regardless of the type of asphalt binder, 
aggregate, air void content, and the aging period. As an example, the tensile and quasi-
compressive complex moduli of the AAD mixtures are given in Figures 7.1 to 7.4. In the 
legend of all the figures in this section, the number “4%” or “7%” represents the air void 
content; the number “0”, “3”, or “6” represents the aging period. For example, “4%, 3” 
indicates that the air void content is 4% and the specimen is aged for 3 month.  
 
7.3  Average Air Void Size and Number of Air Voids 
 In Section 4, the initial average crack size, or average air void size, and number 
of air voids calculated using the energy-based mechanistic approach are compared to 
those measured by the X-ray CT. The calculated average air void size is smaller than 
that measured by the X-ray CT since the measurement of the X-ray CT is flawed by its 
own limitations. This fact is also found for all the twenty types of asphalt mixtures. 
Comparison of the calculated and measured values is presented in Figures 7.5 and 7.6.  
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Figure 7.1 Phase Angle of Complex Modulus in Nondestrucitve RDT Test  
 
Figure 7.2 Magnitude of Complex Modulus in Nondestructive RDT Test  
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Figure 7.3 Phase Angle of Complex Modulus in Destrucitve RDT Test  
 
Figure 7.4 Magnitude of Complex Modulus in Destrucitve RDT Test 
185 
 
 
Figure 7.5 Calculated and Measured Average Air Void Size  
 
Figure 7.6 Calculated and Measured Number of Air Voids 
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7.4  Fatigue Resistance of Different Asphalt Mixtures 
 In Section 4, the development of fatigue cracking in an asphalt mixture specimen 
is described by the evolution of the damage density and the fracture coefficients 
associated with the evolution of the damage density, A  and n . Plots of damage density 
versus the number of loading cycles are given in Figures 7.7 to 7.10 for AAD mixtures 
(M1, M2, M3, and M4), AAM mixtures (M5, M6, M7, and M8), NuStar mixtures (M9, 
M10, M11, M12, M13, and M14), and Valero mixtures (M15, M16, M17, M18, M19, 
and M20), respectively. The value of A  and n  of these twenty types of asphalt 
mixtures is given in Table 7.3. The value of n  represents the fatigue resistance of the 
asphalt mixture, which is used as index to evaluate the effect of asphalt binder, effect of  
air void content, and the effect of aging on different types of asphalt mixtures.  
 
Figure 7.7 Evolution of Damage Density of AAD Asphalt Mixutres 
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Figure 7.8 Evolution of Damage Density of AAM Asphalt Mixtures 
 
Figure 7.9 Evolution of Damage Density of NuStar Asphalt Mixtures  
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Figure 7.10 Evolution of Damage Density of Valero Asphalt Mixtures 
Table 7.3 Fracture Coefficients for the Evolution of Damage Density 
Type of Asphalt Mixture A  n  
M1  3.24 x 10-13 4.86 
M2  4.07 x 10-20 7.34 
M3 7.82 x 10-15 6.84 
M4  2.72 x 10-24 9.43 
M5 2.64 x 10-14 5.98 
M6  1.47 x 10-27 10.34 
M7  2.53 x 10-20 7.84 
M8  7.57 x 10-31 14.57 
M9  3.01 x 10-16 6.48 
M10  3.06 x 10-26 9.12 
M11  9.08 x 10-36 13.27 
M12  1.74 x 10-25 11.52 
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Table 7.3 Continued 
Type of Asphalt Mixture A  n  
M13  2.78 x 10-34 13.52 
M14  3.61 x 10-40 14.37 
M15  7.39 x 10-6 1.11 
M16  7.97 x 10-10 2.35 
M17  6.54 x 10-14 4.01 
M18  3.17 x 10-15 5.77 
M19  3.18 x 10-17 6.29 
M20  2.98 x 10-22 7.48 
 
7.4.1  Effect of Asphalt Binder on Fatigue Resistance 
Variation of the fatigue resistance of the asphalt mixtures that is caused by 
different types of asphalt binder is studied here. Comparison of the fatigue resistance of 
the AAD mixtures and AAM mixtures is presented in Figure 7.11, which have the same 
aggregate, Texas limestone. The same comparison of the NuStar mixtures and Valero 
mixtures is presented in Figure 7.12, which have the same aggregate, Hanson limestone. 
These two figures indicate that the AAD mixtures have better resistance to fatigue 
cracking than the AAM mixtures; the Valero mixtures have much better resistance to 
fatigue cracking than the NuStar mixtures in all the unaged and aged conditions.   
7.4.2  Effect of Air Void Content on Fatigue Resistance  
 Change of the fatigue resistance of the asphalt mixtures due to the change of the 
air void content is investigated here. Comparison of the fatigue resistance of all twenty 
types of asphalt mixtures is given in Figure 7.13. It shows that the asphalt mixtures with  
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7% air void content are always more susceptible to crack than those with 4% air void  
content under repeated loading.  
 
Figure 7.11 Comparison of Fatigue Resistance due to Asphalt Binder for  
AAD and AAM Asphlat Mixtures 
 
Figure 7.12 Comparison of Fatiuge Resistance due to Asphalt Binder for  
NuStar and Valero Asphalt Mixtures 
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Figure 7.13 Comparison of Fatigue Resistance due to Air Void Content  
7.4.3  Effect of Aging on Fatigue Resistance 
 The effect of aging on the fatigue resistance of the asphalt mixtures is 
investigated here and the results are presented in Figures 7.14 (AAD and AAM mixtures) 
and 7.15 (NuStar and Valero mixtures). It can be seen that the aged asphalt mixtures are 
more susceptible to fatigue cracking than unaged mixtures. The fatigue resistance of 
asphalt mixtures decreases with an increase of the aging period.   
7.4.4  Relationship between A’ and n’ 
 A plot of log( )A  versus n  of all the twenty types of asphalt mixtures is shown 
in Figure 7.16, which demonstrates the high correlation between these two fracture 
coefficients. Furthermore, the twenty types of asphalt mixtures are divided to three 
categories according to the aging periods, and then in each category log( )A  is plotted  
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versus n . A linear regression model is fitted to the dots of log( )A  versus n  for each  
category, which produced even higher R-square statistic as shown in Figure 7.17.   
 
Figure 7.14 Comparison of Fatigue Resistance due to Aging for AAD and AAM  
Asphalt Mixtures 
 
Figure 7.15 Comparison of Fatigue Resistance due to Aging for NuStar and Valero  
Asphalt Mixtures 
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Figure 7.16 Correlation between A’ and n’ 
 
Figure 7.17 Relationship between A’ and n’ at Different Aging Periods 
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7.5  Recovery Modulus of Different Asphalt Mixtures 
 In Section 5, the recovery modulus is defined to describe the recovery behavior 
of the asphalt mixture in the unloading phase. The effect of loading level, the effect of 
temperature, and the effect of aging on the recovery modulus of the asphalt mixture are 
studied here.  
7.5.1   Effect of Loading Level on Recovery Modulus 
 It has been proven in Section 5 that the recovery modulus of two types of asphalt 
mixtures (M1 and M5 in Table 7.1) does not change in the nondestructive CSR test, but 
it becomes different in the destructive CSR test. In this section, this phenomenon is 
examined and proven to be true for all other types of mixtures in Table 7.1. As an  
example, the recovery modulus of M6 mixtures (AAM, 4%, 6) is given in Figure 7.18.  
 
Figure 7.18 Recovery Modulus at Different Loading Levels  
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7.5.2  Effect of Air Void Content on Recovery Modulus 
In general, an increase of the air void content results in the reduction in the 
modulus of asphalt mixtures. After examining all of the twenty types of asphalt mixtures 
in Table 7.1 at different temperatures and different aging periods, this statement is also 
applicable to the recovery modulus that is calculated by the internal stress. An example 
is presented in Figure 7.19. In the legend of Figure 7.15, “20C” is the temperature. For 
example, “NuStar, 4%, 0, 20C” means that this asphalt mixture specimen has Nustar 
binder and 4% air void content; it is unaged (0 month); and this test is conducted at 20°C.  
7.5.3  Effect of Temperature on Recovery Modulus 
 The change of the recovery modulus of the asphalt mixture that is caused by the 
change of the temperature is investigated here. For all the twenty types of asphalt 
mixtures in Table 7.1, the recovery modulus at 10°C is the largest and the recovery 
modulus at 30°C is the smallest. This finding suggests that the recovery modulus 
calculated by the internal stress has the same feature as other moduli calculated by the 
external forces: it is temperature dependent and increases as the temperature decreases. 
Two examples are given in Figures 7.20 and 7.21. 
7.5.4  Effect of Aging on Recovery Modulus   
 The effect of aging on the recovery modulus of the asphalt mixtures is studied 
here. It is found that the recovery modulus of all the twenty types of asphalt mixtures in 
Table 7.1 becomes larger as the aging period increases. This feature is also the same as 
the modulus calculated by the external force, such as the relaxation modulus. Two 
examples are given in Figures 7.22 and 7.23.   
196 
 
 
Figure 7.19 Recvoery Modulus of Asphalt Mixutres with Different Air Void 
 Contents 
 
Figure 7.20 Recovery Modulus at Different Temperatures (NuStar, 4%, 0) 
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Figure 7.21 Recovery Modulus at Different Temperatures (Valero, 7%, 6) 
 
Figure 7.22 Recovery Modulus at Different Aging Periods (NuStar, 7%, 10C) 
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Figure 7.23 Recovery Modulus at Different Aging Periods (Valero, 4%, 30C) 
7.6  Healing Ability of Different Asphalt Mixtures 
 In Section 6, the healing process in an asphalt mixture specimen is described by 
the decrease of the damage density with time during the recovery phase. The measured 
damage density in the healing process is used to produce the healing curve, and then the 
short-term healing rate, long-term healing rate, and the healing rate scale can be 
determined based on the determined healing curve. The healing curves of for AAD 
mixtures, AAM mixtures, NuStar mixtures, and Valero mixtures are presented in Figures 
7.24 to 29, respectively. The healing rates obtained from the healing curves are used as 
indices to evaluate the healing ability of different asphalt mixtures, including different 
asphalt binders, air void contents and aging periods, and examine the effect of 
temperature on the healing ability of the asphalt mixture. 
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Figure 7.24 Healing Curves of AAD Asphalt Mixtures 
 
Figure 7.25 Healing Curves of AAM Asphalt Mixtures 
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Figure 7.26 Healing Curves of NuStar Asphalt Mixtures with 4% Air Void Content 
 
Figure 7.27 Healing Curves of NuStar Asphalt Mixture with 7% Air Void Content 
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Figure 7.28 Healing Curves of Valero Asphalt Mixtures with 4% Air Void Content 
 
Figure 7.29 Healing Curves of Valero Asphalt Mixtures with 7% Air Void Content 
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7.6.1  Effect of Asphalt Binder on Healing Ability 
 Variation of the healing ability that is caused by different types of asphalt binder 
is studied and the results are given in Figures 7.30 to 7.33, which use the short-term 
healing rate and healing rate scale to evaluate the healing ability. Comparing AAD and 
AAM mixtures, which have the same aggregate, both the short-term healing rate and the 
healing rate scale of AAM mixtures are larger than those of AAD mixtures. Therefore, it 
concludes that the AAM mixtures have better healing ability than AAD mixtures. 
Comparing Nustar and Valero mixtures, which have the same aggregate, the NuStar  
mixtures have better healing ability than Valero mixtures.   
 
Figure 7.30 Short-Term Healing Rate of AAD and AAM Mixtures 
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Figure 7.31 Healing Rate Scale of AAD and AAM Mixtures 
 
Figure 7.32 Short-Term Healing Rate of NuStar and Valero Mixtures 
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Figure 7.33 Healing Rate Scale of NuStar and Valero Mixtures 
7.6.2  Effect of Air Void Content on Healing Ability 
 The effect of the air void content on healing ability of asphalt mixtures is 
examined by comparing the short-term healing rate and healing rate scale of asphalt 
mixtures with 4% air void content to those of asphalt mixtures with 7% air void content. 
Figures 7.34 and 7.35 shows the result of this comparison based on the short-term 
healing rate and healing rate scale, respectively. These two figures suggest that the 
asphalt mixtures with 4% air void content always have better healing ability than those 
with 7% air void content, regardless the type of asphalt binder, aging, and temperature.  
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Figure 7.34 Comparison of Healing Ability due to Air Void Content by Short-Term  
Healing Rate 
 
Figure 7.35 Comparison of Healing Ability due to Air Void Content by Healing  
Rate Scale 
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7.6.3  Effect of Temperature on Healing Ability 
 The change of the healing ability due to the change of temperature is investigated 
by comparing the short-term healing rate and healing rate scale at 10, 20, and 30°C. The 
results shown in Figures 3.36 and 3.37 indicate that the temperature has significant 
influence on the healing ability of the asphalt mixtures: the healing ability is the highest 
at 30°C and it decreases rapidly when the temperature decreases; the healing of asphalt 
mixtures at 10°C is much slower and the extent is smaller. This fact can also be observed 
from Figures 24 to 27, in which the shape of the healing curve changes significantly 
from 30°C to 20°C and then to 10°C.   
7.6.4  Effect of Aging on Healing Ability 
 Aging also plays an important role in evaluating the healing ability of asphalt 
mixtures, as shown in Figures 7.38 to 7.41. Both the short-term healing and healing rate 
scale decreases as the aging period increases. Especially, there is a considerable 
reduction of the short-term healing rate from unaged asphalt mixtures to those aged for 6 
months. This fact suggests that the healing speed becomes smaller and smaller as the 
aging time increases.   
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Figure 7.36 Comparison of Healing Ability due to Temperature by Short-Term  
Healing Rate 
 
Figure 7.37 Comparison of Healing Ability due to Temperature by Healing Rate  
Scale 
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Figure 7.38 Comparison of Healing Ability due to Aging for AAD and AAM  
Mixtures by Short-Term Healing Rate 
 
Figure 7.39 Comparison of Healing Ability due to Aging for AAD and AAM  
Mixtures by Healing Rate Scale 
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Figure 7.40 Comparison of Healing Ability due to Aging for NuStar and Valero  
Mixtures by Short-Term Healing Rate 
 
Figure 7.41 Comparison of Healing Ability due to Aging for NuStar and Valero  
Mixtures by Healing Rate Scale  
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7.7  Predict Healing Rates Using Fundamental Material Properties  
 In order to predict the healing rates ( 1h , 2h , and h ) based on fundamental 
material properties, they are formulated using the following equations: 
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where LWG  is non-polar surface bond energy; ABG  is polar surface bond energy; 1E  
and   are fitting parameters for the relaxation modulus of undamaged asphalt mixtures; 
0h  is the initial damage density;  1a  and 1b  are fitting parameters for 1h ; 2a  and 2b  are 
fitting parameters for 2h ; a  and b  are fitting parameters for h . Figures 7.42 to 7.44 
show an example of fitting by Equation 7.1, 7.2, and 7.3, respecitvely. Take Figure 7.42 
for example. The data of a1 versus b1 of unaged asphalt mixtures (0 month) is fitted 
using a linear regression function; the data of a1 versus b1 of aged asphalt mixtures for 
3 months and 6 months is fitted by other two linear regression functions, respectively. 
The R-squared statistics shows the goodness of fitting by the linear regression function.     
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Figure 7.42 Relationship between a1 and b1 at Different Aging Periods 
 
Figure 7.43 Relationship between a2 and b2 at Different Aging Periods 
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Figure 7.44 Relationship between a and b at Different Aging Periods 
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8. CONCLUSIONS AND RECOMMENDATIONS 
 
8.1  Conclusions 
The first issue that is addressed in this work is to develop an appropriate testing 
and analysis method to characterize fatigue cracking in asphalt mixtures. A controlled-
strain RDT test is used to characterize the tensile properties and fatigue damage of 
asphalt mixtures. In such a test, the stress is composed of a tensile stress portion and a 
compressive stress portion in a single loading cycle. The material properties in the 
tensile stress portion (the tensile properties) are found to be different from the material 
properties in the compressive stress portion (the quasi-compressive properties). This is 
because of the crack opening and closure in asphalt mixtures which is discovered to exist 
under both nondestructive and destructive cyclic loading conditions. Consequently, the 
asphalt mixture should be characterized for the tensile stress portion and the compressive 
stress portion separately.  
The asphalt mixture behaves stronger with a larger magnitude and a smaller 
phase angle of the complex modulus in the tensile stress portion than in the compressive 
stress portion due to the opening and closure of cracks or air voids and the associated 
delayed deformation in the vicinity of the air voids or cracks. The asphalt mixture 
exhibits an undamaged behavior in the nondestructive RDT test since both the tensile 
properties and quasi-compressive properties do not change with the increase of the 
number of loading cycles, and it exhibits a damaged behavior in the destructive RDT test 
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since both the tensile properties and quasi-compressive properties change as the number 
of loading cycles increases. All of these findings are verified using statistical tests.  
The DSE and RSE of a loading cycle are calculated by integrating the stress and 
strain functions for the tensile stress portion and the compressive stress portion 
separately. The assumption that the tensile properties are the same as the quasi-
compressive properties yields a smaller value of the DSE that underestimates the 
damage generated in the asphalt mixture under destructive loading. The traditional 
integrating range used to calculate the RSE (one quarter of the period of a loading cycle) 
does not yield an accurate value for the RSE. A new approach is proposed to determine 
the integration range from the stress-strain hysteresis loop as the phase during which the 
actual recovery of energy occurs.     
In order to quantify the damage that develops in the asphalt mixture under 
destructive loading, the DSE should be further separated into the energy used to 
overcome the viscous resistance of the material and the energy used to drive damage. 
Then the flow of the energy used to drive damage can be investigated among different 
parts of the asphalt mixture so as to gain a better understanding of the damage process 
(especially the crack growth process). This is the second issue that is addressed in this 
work. Firstly, the separation of the DSE is conducted using the pseudo strain to eliminate 
the viscoelastic effect. To eliminate all the linear and nonlinear viscoelastic effects, the 
material properties of a typical asphalt mixture under different stress levels are firstly 
investigated to differentiate the linear viscoelastic, nonlinear viscoelastic and damaged 
regions on the stress-strain curve of the asphalt mixture. Then the controlled-strain RDT 
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tests are performed on asphalt mixture specimens to determine their nondestructive 
properties, critical nonlinear viscoelastic properties and destructive properties. The 
amount of energy dissipated for the fatigue damage, or the DPSE, is calculated based on 
the critical nonlinear viscoelastic properties in order to eliminate both linear and 
nonlinear viscoelastic effects. The critical nonlinear viscoelastic state is the threshold 
between the undamaged state and the damaged state of the asphalt mixtures.  
Secondly, the energy distribution in the asphalt mixture under destructive loading 
is investigated at the microscopic level. At this level, the asphalt mixture specimen is 
further divided into the intact material and cracks. The stress, strain and energy in the 
intact material are what actually occur inside the specimen, whereas the stress, strain and 
energy measured from the test are apparent representations of the bulk material. Balance 
between the true and the apparent measurement is established on the basis of energy 
equivalence between the intact material and the bulk specimen. Four energy balance 
equations are established, including the DSE balance equation, RSE balance equation, 
DPSE balance equation and RPSE balance equation. These balance equations are 
utilized to completely formulate the DPSE for cracking and DPSE for permanent 
deformation, respectively. Therefore, the DPSE for cracking is separated from the DPSE 
for permanent deformation.  
The formulations for the two types of DPSE and the RDT test data is then used 
calculate the amount of each type of DPSE. The DPSE for cracking is used to predict the 
crack growth in terms of damage density, average crack size and number of cracks in the 
asphalt mixture under repeated destructive loading, which is the third topic of this work.  
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The model of fatigue crack growth of an asphalt mixture is based on an energy-
based mechanistic approach. The core of this approach is the energy balance equations 
established between the apparent energy of the bulk asphalt mixture specimen and the 
true energy of the intact material.    
 The true stress/true strain/true pseudo strain are firstly simulated to calculate the 
true strain energy/true pseudo strain energy. The true stress in the nondestructive test is 
solved from the force equilibrium equation; the true stress in the destructive test is 
solved from the DPSE balance equation. By studying the true stress in a damaged 
asphalt mixture specimen, it is found that the true stress is the driven force for the crack 
growth, and the crack growth in turn aggravates the stress and strain localization in the 
intact material. After obtaining the true stress, the true material properties are determined 
to obtain the true strain/true pseudo strain. The true material properties include 
nondestructive and destructive true material properties, which are obtained from the 
nondestructive and destructive tests, respectively. They are calculated using the DSE and 
RSE balance equations.  
The ratio of the true stress to the apparent stress in a damaged asphalt mixture is 
used to calculate the damage density for every loading cycle of the destructive RDT test. 
The evolution of the damage density demonstrates the development of fatigue cracking 
in the asphalt mixture specimen. The curve of the damage density versus the number of 
loading cycles can be simulated by a power function.  
The damage density of an asphalt mixture is used to modify the Paris’ Law to 
consider the condition of numerous cracks growing under repeated loading. The fracture 
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coefficients in the modified Paris’ Law are back-calculated using the determined damage 
density. These coefficients represent the fatigue resistance of an asphalt mixture. 
The average crack size is further determined using the RPSE balance equation, 
which serves as an essential parameter to model crack size distribution for asphalt 
mixtures. Then the number of cracks is calculated using the determined average crack 
size and the damage density. The result indicates that the crack growth in an asphalt 
mixture specimen follows this pattern: more and more hair-like cracks are generated in 
the early stage of loading; then the hair-like cracks start to coalesce when the size 
increases to a certain value and the number of cracks reaches a peak value; after that the 
crack size keeps increasing while the number of cracks continues to decrease.  
The calculated average crack size/number of cracks are compared to those 
measured by the X-ray CT system. The result suggests two advantages of the proposed 
method in this study: 1) more accurate values of air void size/number of air voids; 2) the 
ability to obtain the change of the average crack size/number of cracks in a damaged 
asphalt mixture.   
Following the topic of crack growth of asphalt mixtures in this work, healing of 
asphalt mixtures is studied as a counter process to cracking, which alleviates cracking 
damage and significantly extends the fatigue life of the asphalt mixture. The healing 
process occurs with the recovery of the asphalt mixtures, so the recovery characteristics 
of an asphalt mixture are first investigated.   
In order to characterize the recovery of an asphalt mixture, the internal stress  
must be determined first since it is the driving force for the recovery of the asphalt  
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mixture. The measurement of the internal stress is realized by adding step-loads in the 
recovery phase of a creep recovery test. One step-load measures the internal stress at one 
point. The criterion of the added load equal to the internal stress is that the resulting 
strain rate is zero. Such creep recovery test incorporated with several step-loads in the 
recovery phase is termed creep and step-loading recovery (CSR) test.  
 The CSR test is intended to measure the internal stress at different points in the 
recovery phase to characterize the recovery properties of the asphalt mixture specimen. 
Design of a CSR test needs to satisfy the following considerations: 1) the type of the test 
(nondestructive or destructive); 2) adequate data points that are representative of the 
characteristic of the internal stress; 3) less disturbance of the added step-loads to the 
recovery of the specimen; and 4) the ability to search for the zero strain rate through the 
added step-loads.   
 After designing both nondestructive and destructive CSR tests, the test results are 
verified to assess the validity of such tests. The first aspect that is examined is the effect 
of disturbance by adding step-loads to the recovery of the asphalt mixture specimen. The 
axial strain from the nondestructive CSR test is compared to that from a creep recovery 
test at the same loading level. The two axial strains match well with each other so the 
disturbance by the step-loads is acceptable. The other aspect that is evaluated is the 
accuracy of the measured internal stress. The internal stresses measured from the 
nondestructive CSR tests are compared to those calculated by the theory of 
viscoelasticity. The results show that the two kinds of stresses are very close for two  
types of asphalt mixtures at three different loading levels.    
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 Since the validity of the CSR test is proved, the internal stress measured by this  
test is then used to determine the recovery properties of asphalt mixtures. Firstly, the 
measured internal stress is simulated by an appropriate mathematical model, which 
makes a series of discrete points of measured internal stress become a continuous curve 
of the internal stress versus time. The best model to simulate the internal stress within 
and beyond the measure range is an exponential function. Then the ratio of the simulated 
internal stress to the strain in the recovery phase of the CSR test is used to define a new 
type of modulus: recovery modulus. The characteristic of the recovery modulus is 
studied at three different nondestructive loading levels and one destructive loading level. 
It is found that the recovery modulus of the undamaged asphalt mixtures does not 
change with the increase of the loading level. However, the recovery modulus of the 
undamaged asphalt mixtures is different from that of the damaged asphalt mixtures. This 
difference is caused by the healing of the damaged asphalt mixtures in the recovery 
phase. In addition, the shape of the recovery modulus curve may be related to the healing 
ability of the asphalt mixture.  
 Since the recovery properties of a damaged asphalt mixture have a close 
relationship with healing, the healing process could be described through the recovery of 
this asphalt mixture. Characterization of the healing of damaged asphalt mixtures using 
recovery properties is continuing to be investigated.  
 Healing of asphalt mixtures is characterized using the CSR test and the energy-
based mechanistic approach. The crack growth in the creep phase of the CSR test is 
modeled using the evolution of the damage density based on the DPSE balance equation. 
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The damage density at the end of the creep phase is also the initial damage density at the 
beginning of the healing process. The change from the initial damage density to the 
damage density at any time during the healing process thus represents the extent of 
healing that occurs during that period. The damage density at any time during the 
healing process is determined using the RPSE balance equation. The result shows the 
decrease of the damage density with time.  
   The initial damage density at the beginning of the healing process and the 
damage density at any time during the healing are used to quantify the extent of healing 
in the asphalt mixture. In this way, healing is described in a fundamental way using its 
directly measured effect. The calculated healing is used to produce the healing curve, 
which has three parameters: short-term healing rate, long-term healing rate, and healing 
rate scale. These three parameters represent the healing ability of the asphalt mixture, 
and can be used as indices to evaluate the healing ability of different materials.  
 Finally, the testing and analysis methods that are mentioned above are applied to 
twenty types of asphalt mixtures to evaluate their application. The effect of the asphalt 
binder, air void content, and aging on the fatigue resistance of asphalt mixtures are 
examined. In addition, the effect of the asphalt binder, air void content, temperature, and 
aging on the healing ability of asphalt mixtures are assessed. The results demonstrate 
that the controlled-strain RDT and the CSR tests are efficient and repeatable for 
characterizing fatigue and healing properties of asphalt mixtures. The energy-based 
mechanistic approach developed in this work characterizes fatigue cracking and healing  
in a fundamental manner.  
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8.2  Recommendations for Future Research  
 An energy-based mechanistic approach with two testing protocols has been 
developed in this work to characterize the fatigue damage and healing abilities of asphalt 
mixtures. Extensive data has demonstrated that the fatigue resistance of asphalt mixtures 
can be accurately evaluated using the fracture coefficients derived from the damage 
density. Additionally, the healing rates of different types of asphalt mixtures can be 
efficiently determined using the decrease of the damage density. To make this research 
work more complete and practical, more research directions are proposed as follows: 
 The surface energy is an essential parameter to predict the crack growth and 
healing in asphalt mixtures. The surface energy used in this work is the cohesive 
bond energy of the asphalt mastic in an asphalt mixture. In the future research, 
the surface energy can be extended to include the adhesive bond energy between 
the asphalt mastic and the aggregate. It can be easily achieved by reformulating 
the energy balance equations using the modulus of the aggregate and the 
modulus of the asphalt mastic to replace the modulus of the asphalt mastic.      
 The energy-based mechanistic approach can be incorporated into the 
computational simulation. The modeling of crack growth in the energy-based 
mechanistic approach can be used as the damage evolution law, and the modeling 
of healing can be used as the damage recovery law. The advantage of this 
incorporation is to provide the numerical simulation, such as the finite element 
method (FEM), a more solid mechanical basis.  
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 Another direction that this research work can be expanded is to model the 
development of tensile permanent deformation. The energy consumed for the 
tensile permanent deformation has been separated from the cracking damage. 
Therefore, this part of energy can be used to predict the growth of tensile 
permanent deformation in an asphalt mixture. Using the separated tensile 
permanent deformation obeys the fact that these two types of damage 
mechanisms (cracking and permanent deformation) always occur together.  
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APPENDIX A 
 
1. Result of independent t-test for Hypothesis I 
Independent Samples Test 
 
Levene's 
Test for 
Equality of 
Variances t-test for Equality of Means 
F Sig. t df 
Sig. (2-
tailed) 
Mean 
Difference 
Std. Error 
Difference 
Modulus Equal variances 
assumed 
7.33
9 
.007 40.046 158 .000 287.26600 7.17337
Equal variances 
not assumed   
40.046 138.807 .000 287.26600 7.17337
 
2. Result of independent t-test for Hypothesis II 
Independent Samples Test 
 
Levene's Test for 
Equality of 
Variances t-test for Equality of Means 
F Sig. t df 
Sig. (2-
tailed) 
Mean 
Difference 
Std. Error 
Difference
Phase  
angle 
  Equal variances   
assumed 
.268 .606 -23.098 158 .000 -2.72062 .11778
Equal variances 
not assumed   
-23.098 155.84
0
.000 -2.72062 .11778
 
3. Result of Wilcoxon Rank Sum test for Hypothesis III.   
 
 
 
 
 
Test Statisticsa 
 Modulus 
Mann-Whitney U 3270.000
Wilcoxon W 9375.000
Z -5.889
Asymp. Sig. (2-tailed) .000
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4. Result of Wilcoxon Rank Sum test for Hypothesis IV.    
 
 
 
 
5. Result of One way ANOVA for Hypothesis V.  
ANOVA 
S1 
 Sum of Squares df Mean Square F Sig. 
Between Groups 13503.449 7 1929.064 1.567 .159
Within Groups 88636.612 72 1231.064   
Total 102140.061 79    
 
6. Result of One way ANOVA for Hypothesis VI. 
ANOVA 
S2 
 Sum of Squares df Mean Square F Sig. 
Between Groups 4.260 7 .609 1.273 .276
Within Groups 34.418 72 .478   
Total 38.678 79    
 
7. Result of One way ANOVA for Hypothesis VII. 
ANOVA 
S3 
 Sum of Squares df Mean Square F Sig. 
Between Groups 34310.092 7 4901.442 1.870 .087
Within Groups 188759.890 72 2621.665   
Total 223069.982 79    
 
8. Result of One way ANOVA for Hypothesis VIII. 
ANOVA 
S4 
 Sum of Squares df Mean Square F Sig. 
Between Groups 5.272 7 .753 1.767 .107
Within Groups 30.681 72 .426   
Total 35.953 79    
Test Statisticsa 
 Phase angle
Mann-Whitney U 248.000
Wilcoxon W 6353.000
Z -12.311
Asymp. Sig. (2-tailed) .000
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9. Result of Kruskal-Wallis test for Hypothesis IX. 
 
 
 
 
 
10. Result of Kruskal-Wallis test for Hypothesis X. 
 
 
 
 
 
11. Result of Kruskal-Wallis test for Hypothesis XI. 
 
 
 
 
 
12. Result of Kruskal-Wallis test for Hypothesis XII. 
 
 
Test Statisticsa,b 
 S5 
Chi-Square 107.959 
df 10 
Asymp. Sig. .000 
 
Test Statisticsa,b 
 S6 
Chi-Square 107.377 
df 10 
Asymp. Sig. .000 
 
Test Statisticsa,b 
 S7 
Chi-Square 107.827 
df 10 
Asymp. Sig. .000 
 
 
Test Statisticsa,b 
 S8 
Chi-Square 104.127 
df 10 
Asymp. Sig. .000 
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